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ABS T R A C T  
A dual beam thruster system suitable for two-axis atti- 
tude control has been designed, constructed, and tested. The 
system is comprised of two orthogonal strips, each capable of 
producing 0.30 mlb thrust and beam deflections of more tnan 
k 2 O o .  The nominal specific impulse is 5000 sec f 500 sec. 
The thrust level from each strip can be varied from 0 to 
100%. The system power required for clean ionizers is approxi- 
mately 2 0 0  W .  Neutralizer filaments were developed and 
life tested over 2000 hours producing more than 40 mA of 
electron emission per watt of input power. 
X i  
SECTION I 
SUMMARY 
The objective of this program was to design, build, 
and test a dual deflectable beam ion thruster system. Tnis 
system employs two orthogonal linear strips with deflectable 
beams and is suitable for two"axis attitude control and 
single direction station keeping of a synchronous satellite. 
Each aperture provides a variable thrust from 0 to 0.3 mlu 
at a nominal specific impulse of 5000 sec k 500 sec. 
The electrode design evolved with the aid of a computer 
program and deep electrolytic tank. The computer program 
established a design for electrodes which give deflection 
angles of greater than 220 '  with a minimum amount of ion 
interception. The deep tank was used to study the end effects 
of the strip geometry. 
The design of the thruster incorporated the LE-1 strip 
engine, an advanced ion engine developed previously at Hughes 
Research Laboratories. The feed system design was similar 
to a zero-g capillary type system used successfully on a 
Hughes-built y-thruster. This feed system used an integrated 
thermal valve and vaporizer to control the cesium flow. 
The neutralizers used on the thruster also were devel- 
oped as part of this program. A set of parameters for produc- 
ing uniform carburized thoriated tungsten filaments was 
obtained. Two such neutralizers were life tested for more 
than 2,000 hours, terminating at the end of the contract 
period. Life expectancy is 15,000 hours. A vibration analysis 
was made with the aid of a Hughes Aircraft Company computer 
program. The results of this study suggested several' changes; 
these were made to the original design, so the system would 
be constructed to withstand vibrations of an actual launcn. 
1 
The critical temperatures and ionization efficiencies 
of the ionizers were obtained with the aid of two neutral 
detectors. The ionization efficiency for a clean ionizer 
was about 1% for a 7 tnA/crn2 ion density. 
The beam deflections were measured with two beam scanning 
collectors. Deflections as high as 24' were recorded. 
The performance characteristics of the system were 
obtained during an intensive testing period. The final 
test called for a 24 hour test at Hughes Research Laboratories. 
After the 24 hour test and some neutralization tests, the 
thruster was delivered to NASA Lewis Research Center. Hughes 
personnel successfully operated the thruster for an eight 
hour period at LeRC, as required by the contract. 
The thruster system as it now exists, requires approxi- 
mately a 200 W power input with clean ionizers. The total 
efficiency for the system is about 40%. Several improvements 
are suggested for the present design. 
2 
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Hughes Research Labora to r i e s  has been developing s u r f a c e  
c o n t a c t  i o n  engines  s i n c e  1 9 5 9 .  During t h i s  t i m e ,  i o n  t h r u s t e r s  
u s ing  porous t u n g s t e n  b u t t o n s ,  r i n g s ,  m u l t i s t r i p  and s i n g l e  
s t r i p  engines  have been b u i l t  and opera ted .  
these t h r u s t e r s  was devoted t o  op t imiz ing  t h r u s t e r  performance, 
i on  o p t i c s ,  beam n e u t r a l i z a t i o n ,  and o t h e r  r e l a t e d  areas. 
The work on 
One of t h e  impor tan t  t a s k s  performed dur ing  t h i s  pe r iod  
was t h e  o p e r a t i o n  of a s t r i p  t h r u s t e r  for  2 0 0 0  hours  t o  
demonstrate  t h e  l i f e t i m e  of t h i s  .type of t h r u s t e r . ’  
most r e c e n t  t h r u s t e r s  t h a t  had been b u i l t  p r i o r  t o  t h e  p r e s e n t  
c o n t r a c t  w e r e  a 2 0  p l b  b u t t o n  t h r u s t e r 2  and a 4 . 6  c m  s t r i p  
t h r u s t e r .  The l a t t e r  (desc r ibed  i n  Ref. 3 ) ,  i s  r e a d i l y  
adapted f o r  beam d e f l e c t i o n  and i s  t h e  basic t h r u s t e r  u n i t  
€o r  t h e  program covered i n  t h i s  r e p o r t .  
The 
Sur face  c o n t a c t  i o n  t h r u s t e r s  o f f e r  p o t e n t i a l  advantages 
f o r  v a r i o u s  space  a p p l i c a t i o n s .  I n  p a r t i c u l a r ,  a complete 
dua l  d e f l e c t a b l e  i o n  t h r u s t e r  system has,  as one p o s s i b l e  
use! t h e  two-axis a t t i t u d e  c o n t r o l  and s i n g l e  d i r e c t i o n  
s t a t i o n  keeping of a medium weight  ( 1 5 0 0  l b  t o  3000 l b ) ,  
s t a b l e  p l a t f o r m  t y p e  s a t e l l i t e  i n  a synchronous ear th  o r b i t .  
I n  o r d e r  t o  e f f e c t i v e l y  use  a d u a l  b e a m  t h r u s t e r  f o r  this 
a p p l i c a t i o n ,  two l i n e a r  s t r i p  t h r u s t e r s  w i t h  d e f l e c t a b l e  
beams have t h e i r  p r i n c i p a l  t h r u s t  axes  p a r a l l e l ,  and or thog-  
ona l  t h r u s t  v e c t o r  d e f l e c t i o n  p l anes .  
The o b j e c t i v e  of  t h i s  program w a s  t o  des ign ,  c o n s t r u c t ,  
and t e s t  a t h r u s t e r  system, based on p a s t  work on t h e  l i n e a r  
s t r i p  t h r u s t e r  des igna ted  as t h e  LE-1 t h r u s t e r  by Hughes 
Research Labora to r i e s .  The system w a s  designed t o  demonstrate  
t h e  fo l lowing  nominal performance goa l s .  
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Design t h r u s t :  0 .30  m l b  2 0 . 0 3  mlb a t  each 
a p e r t u r e  a long t h e  p r i n c i p a l  ax is  f o r  a 
t o t a l  o f  0 . 6 0  ? 0.06  mlb. 
S p e c i f i c  impuse: 5000 sec ? 500 sec along 
p r i n c i p a l  a x i s .  Maximum d e v i a t i o n ,  1 0 0 0  
sec a t  30' d e f l e c t i o n  angle .  
N e t  vo l t age :  1 . 6 7  k V  nominal. 
I o n i z e r  c u r r e n t  d e n s i t y :  7 .0  ? 0.5 mA/cm . 
Inpu t  power: less than  2 0 0  W t o t a l .  
Beam d e f l e c t i o n  goa l :  from O o  t o  ?30° 
(Minimum a c c e p t a b l e  220 ' ) .  
B e a m  d e f l e c t i o n  s t a b i l i t y :  s t a b l e  t o  
w i t h i n  2 1 0 %  a t  any ang le .  
Thrus t  c o n t r o l :  a t  0 ,  25%, 50%, 75%, and 
1 0 0 %  of des ign  l e v e l .  
L i f e t ime  goa l  i n  excess  of 1 5 , 0 0 0  hours .  
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The n e u t r a l i z e r s  f o r  t h e  system were a l s o  developed. The 
des ign  g o a l  of t h e  n e u t r a l i z e r s  w a s  t o  produce 2 0  mA of 
space-charge l i m i t e d  thermionic  e l e c t r o n  c u r r e n t  p e r  w a t t  
of i n p u t  power w i t h  a l i f e  expectancy of 1 5 , 0 0 0  hours .  
The des ign  phase of t h e  t h r u s t e r  was composed of t h r e e  
p a r t s :  o p t i c s ,  hardware,  and v i b r a t i o n  a n a l y s i s .  A f t e r  
t h e  e v o l u t i o n  and 2 4  hour t es t  of t h e  system a t  H R L ,  the 
t h r u s t e r  w a s  d e l i v e r e d  t o  NASA L e w i s  Research Center .  Hugnes 
Research Labora to r i e s  provided t h e  necessary  personnel  f o r  
s u b j e c t i n g  t h e  t h r u s t e r  t o  an 8 hour acceptance tes t .  Tne 
r e s u l t s  of t h i s  program show t h a t  t h e  d u a l  beam system nas  
g r e a t  p o t e n t i a l  f o r  a t t i t u d e  c o n t r o l  and s t a t i o n  keeping 
of a synchronous s a t e l l i t e .  
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D E S I G N  O F  T H E  D U A L  D E F L E C T A B L E  B E A M  T H R U S T E R  S Y S T E M  
The o b j e c t  of t h i s  program w a s  t o  des ign ,  b u i l d ,  and 
t e s t  a d u a l  beam c o n t a c t  i o n  t h r u s t e r  system. The b a s i s  
f o r  t h i s  des ign  w a s  t h e  p a s t  work on a l i n e a r  s t r i p  t n r u s t e r ,  
des igna ted  t h e  LE-1 t h r u s t e r  by Hughes Research Labora to r i e s .  
The t h r u s t e r  des ign  can b e  desc r ibed  b e s t  w i t h  a i d  
of a c r o s s  s e c t i o n  of t h e  system shown i n  F ig .  1 and s i d e  
view photograph i n  F ig .  2 .  This  i s  a reproduct ion  of p a r t  
of t h e  assembly drawing t h a t  w a s  s e n t  t o  t h e  NASA P r o j e c t  
Manager. The i o n i z e r  des igna ted  as S t r i p  2 i s  shown i n  
t h e  l e f t  s i d e  o€ t h e  drawing. I t  i s  or thogonal  t o  S t r i p  1, 
which i s  hidden behind a s h i e l d e d  i n s u l a t o r ,  and t n e  edge 
of t h e  focus  e l e c t r o d e  i n  t h e  r i g h t  s i d e  of t h e  drawing. 
The o r i e n t a t i o n  of s t r i p s  can b e  seen b e t t e r  i n  F ig .  3 wil ic i?  
shows t h e  t o p  view of t h e  t h r u s t e r .  I t e m  0 i n  F ig .  1 i s  
t h e  f eed  system f o r  one s t r i p .  Immediately above t n e  i o n i z e r  
i n  F ig .  1, a r e  t h e  accel e l e c t r o d e s  and e x i t  e l e c t r o d e .  
A photograph of t h e  complete system is shown i n  F ig .  4 .  
The components are desc r ibed  i n  t h e  fo l lowing  s e c t i o n .  
A. I O N I Z E R  
The i o n i z e r  mater ia l  w a s  supp l i ed  by NASA L e w i s  Research 
Center .  I t  w a s  o r i g i n a l l y  made by Hughes Research Labora- 
t o r i e s  under Con t rac t  NAS 3-7105 and w a s  c a l l e d  s l a b  333- 
S.  I t  was s i n t e r e d  from s p h e r i c a l  t u n g s t e n  powder. T h e  
s l ab  had an average pore  spac ing  of  4 . 4 2  pm and an average 
pore  s i z e  of 2 .58  vm. A photograph of t h e  s u r f a c e  of t h e  
i o n i z e r  a f t e r  e t c h i n g  and p o l i s h i n g  i s  shown i n  F ig .  5 .  
5 
6 
F i g .  2 .  P h o t o g r a p h  o f  S i d e  View o f  T h r u s t e r .  
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F i g .  3 .  Top V i e w  o f  T h r u s t e r .  
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Fig .  4 .  Photograph o f  Dual D e f l e c t a b l e  Beam 
T h r u s t e r  System. 
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F i g .  5 .  I o n i z e r  S u r f a c e  a f t e r  E t c h -  
i n g  a n d  P o l i s h i n g  ( 1 0 0 0 ~ ) .  
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The i o n i z e r  was t h e  same low m a s s  i o n i z e r  as t h a t  used on 
t h e  LE-1 t h r u s t e r . 3  A photograph of a c ros s - sec t ion  of t n i s  
t y p e  of i o n i z e r  i s  shown i n  F ig .  6 .  The contour  of t h e  
i o n i z e r  w a s  ob ta ined  from t h e  Model 70  o p t i c s .  F igu re  6 
a l s o  shows t h e  p o s i t i o n  o f  two tungs t en  tubes  that  serve 
a s  s h e a t h s  f o r  t h e  h e a t e r s .  E lec t ron  beam welding was used 
t o  a t tach t h e  shea ths  and back of the i o n i z e r  manifold t o  
t h e  porous tungs ten .  The h e a t i n g  element w a s  c o i l e d  h e l i x  
w i r e ,  made from 9 7 %  tungs ten  and 3 %  rhenium. Tile emi t tance  
of t h e  h e a t e r  c o i l  w a s  i nc reased  by d e p o s i t i n g  a ceramic 
c o a t i n g  on t h e  W i r e .  The h e a t e r s  were placed i n t o  a c y l i n -  
d r i c a l  ceramic space r  p r i o r  t o  i n s e r t i o n  i n t o  t h e  m e t a l  
shea ths  (shown i n  F ig .  7 ) .  F igure  8 shows t h e  basic elements  
of t h e  i o n i z e r  and h e a t e r .  The welded i o n i z e r ,  s h e a t h s ,  
and suppor t  s t r a p s  are shown i n  F ig .  9 .  Before a t t a c h i n g  
t h e  f l a n g e  which jo ined  t h e  f eed  system, t h e  h e a t  s n i e l d s  
were p laced  around t h e  i o n i z e r .  Resu l t s  of tests made on 
heaters of  t h i s  t ype  are r e p o r t e d  i n  Ref. 3 .  
B. FEED SYSTEM 
I t e m  @ i n  F ig .  1 shows t h e  i o n i z e r  assembly wnicn i s  
a t t a c h e d  t o  t h e  f l a n g e  on t h e  f e e d  system w i t h  fou r  screws. 
There  i s  a shea r - sea l  copper gaske t  between t h e  f l a n g e s .  
Each l i n e a r  s t r i p  has  i t s  own p r o p e l l a n t  t ank ,  v a p o r i z e r ,  
and the rma l ly  a c t i v a t e d  yzalve as a p o s i t i v e  s h u t o f f .  Tne 
des ign  w a s  based on a feed system used s u c c e s s f u l l y  a t  HRL. 
Each p r o p e l l a n t  feed  system w a s  r e q u i r e d  t o  r e l i a b l y  
supply a minimum of 70  grams of cesium i n  a 0 t o  1 g environ-  
ment, and t o  o p e r a t e  i n  a 0 g environment i n  any a t t i t u d e .  
The des ign  of  t h e  system pe rmi t s  o p e r a t i o n  i n  any a t t i t u a e  
over  t h e  range of  0 t o  1 g; it i s  a c a p i l l a r y - t y p e  f e e d  
system i n  which t h e  l i q u i d  cesium i s  moved by c o n t r o l l e d  
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TUNGSTEN 
CESIUM VAPOR PLENUM 
SOLID TU~GSTEN ELECTRON BEAM 
WELD (ebw) 
F i g .  6 .  P h o t o g r a p h  o f  Low Mass  I o n i z e r  C r o s s  S e c t i o n .  
1 2  
F i g .  7 .  P h o t o g r a p h  o f  Two Low Mass  I o n i z e r  H e a t e r s .  
1 3  
M 4429 
F i g .  8. P a r t s  C o m p r i s i n g  t h e  B a s i c  Elements o f  a 
Low Mass I o n i z e r .  
1 4  
F i g .  9 .  Low Mass I o n i z e r  S h o w i n g  H e a t e r  T u b e s ,  Mani -  
f o l d  P l a t e s ,  S u p p o r t  S t r a p s ,  a n d  F e e d  Tube ,  
All E l e c t r o n - B e a m  Welded  t o  t h e  P o r o u s  
Emi t t e r  ( S c a l e  i n  I n c h e s ) .  
1 5  
surface tension forces to a predetermined position, where 
local heat is applied for vaporization of the liquid cesium. 
The present state of the art for. this type of system, including 
long term tests, 3-5  demonstrates long life and high propellant 
expulsion efficiency. 
The f o u r  major elements of the system, are cesium 
storage, liquid-metal transfer, vaporization, and thermal 
valve. 
1. Cesium Storage 
Because of Hughes Research Laboratories' experience witn 
propellant storage systems in wnich the cesium is stored 
as a liquid in a Feltmetal sponge for either vapor-transfer 
or capillary-type feed systems, the porous-metal storage 
approach was used. It is inherently reliable as a result 
of its simplicity. Figure 10 illustrates a reservoir made 
from the porous sponge material. 
2. Liquid Metal Transfer 
Surface tension pumping of the liquid cesium to the de- 
sired liquid vapor interface is achieved by gradation of tne 
Feltmetal pore size. For a wetting liquid, the surface ten- 
sion forces are in the decreasing pore size direction. Hugnes 
Research Laboratories has developed a means of accurately 
controlling a continuous variation in pore size in Feltmetal 
sponges. The storage reservoir material is machined to 
an octagonal cross section and then subjected to a hydraulic 
pressing operation to achieve the required dimensions. This 
procedure results in a continuous decrease of the Feltmetal 
pore size from the outer periphery of the cylindrical storage 
sponge to the inner surface. Typical as-received densities 
for nickel Feltmetal were 12 to 13%. After selective 
1 6  
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F i g .  1 0 .  P h o t o g r a p h  o f  N i c k e l  F e l t m e t a l  f o r  L i q u i d  C e s i u m  
S t o r a g e .  
1 7  
recompression to obtain the desired variation of pore size 
by the method outlined above, the completed reservoir fillers 
have a weight density of about 16% that of solid nickel. 
In practice, some of the pores in the Feltmetal are not 
interconnecting; therefore, in terms of liquid storage capa- 
bilities, the equivalent Feltmetal density is 20%. Figure 
11 shows the variation in pore size from the central wick 
zone to the outer periphery of the storage material. T n i s  
approach to the surface tension pumping of liquid cesium 
has demonstrated over-all high propellant expulsion efficien- 
cy. Experimental tests have shown that the propellant expul- 
sion efficiency is > 9 9 % .  
Wetting of the nickel by liquid cesium is vital to 
the successful operation of liquid-metal capillary type 
feed systems. Particular attention was given to cleaning 
procedures and preprocessing steps to provide porous nickel 
and other surfaces which are essentially free of surface 
contaminants. Our established and documented methods result 
in rapid wetting. In addition, cesium is a very good getter 
of oxygen, and any trace of oxygen remaining on the nickel 
surfaces is readily reduced by the cesium at temperatures 
on the order of 180 to 200OC. 
3. Vaporizer 
The cesium vaporizer is a small porous (80% dense) 
metal nickel wick that is inserted through the center of the 
storage medium. Feltmetal wick densities of 80% have good 
performance results in capillary-type feed systems used 
at Hughes Research Laboratories. 
Figure 12 shows the results of an analysis in which 
capillary pressure was calculated; the results indicate 
that stable operation, using surface tension forces as the 
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F i g .  1 1 .  Photomicrographs o f  a Graded-Pore Fel tmetal  
Reservoi r .  
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F i g .  3 2 .  A p p r d x i m a t e  Liquid Ces ium Capillary Pressures for  
Uniform Tubes and For Unifoem Spherical Grain 
P o r o u s  Nickel. 
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d r i v i n g  mechanism, i s  o b t a i n a b l e  over  a wide range of tempera- 
t u r e ,  p r e s s u r e ,  and pore  s i z e  cond i t ions .  This  a n a l y s i s  
i s  conse rva t ive  i n  t h e  s e n s e  t h a t  t h e  c o n t a c t  angle  between 
t h e  l i q u i d  cesium and t h e  n i c k e l  w a s  assumed t o  b e  3 0 ° .  
Contact  a n g l e s  approaching 0' are r e a l i z a b l e  wi th  t h e  l i q u i d  
cesium-nickel system when oxygen i m p u r i t i e s  are removed. 
A s  shown i n  F ig .  1 2 ,  t h e  l i q u i d  cesium i n  an 8 0 %  dense F e l t -  
metal wick develops a c a p i l l a r y  p r e s s u r e  i n  excess  of  1 8 0  
Torr  a t  t h e  l iqu id-vapor  i n t e r f a c e  f o r  a temperature  o f  
3 8 O O C .  ( T h i s  corresponds t o  a cesium vapor p r e s s u r e  o f  
1 0  T o r r . )  Therefore ,  t h e  l iqu id-vapor  i n t e r f a c e  could no t  
move upstream i n  t h e  wick u n t i l  o p e r a t i n g  temperatures  i n  
excess  of  55OOC w e r e  reached. 
Cont ro l  of t h e  l i q u i d  vapor i n t e r f a c e  p o s i t i o n  i s  essen- 
t i a l  f o r  s u c c e s s f u l  r e p e a t a b l e  o p e r a t i o n  of a c a p i l l a r y -  ' 
t ype  feed  system. A t y p i c a l  c a p i l l a r y  tube  w i t h  a w e t t i n g  
l i q u i d  such as cesium i s  shown schemat i ca l ly  i n  F ig .  13.  
Flow of t h e  l i q u i d  i s  i n  t h e  d i r e c t i o n  of t h e  c a p i l l a r y  
f o r c e  u n t i l  a d i s c o n t i n u i t y  i s  encountered.  For a w e t t i n g  
f l u i d ,  t h e  d i s c o n t i n u i t y  i s  t y p i c a l l y  a sudden enlargement ,  
a s  shown on t h e  r i g h t  s i d e  of F i g .  13 .  Any i n c r e a s e  i n  
upstream p r e s s u r e  which overcomes t h e ' s u r f a c e  t e n s i o n  f o r c e  
w i l l  lead t o  breakaway of t h e  coLumn of  l i q u i d  from t n e  
l iqu id-vapor  i n t e r f a c e .  I f  t h e  l i q u i d  cesium i s  fo rced  
t o  t h e  r i g h t  u n t i l  t h e  i n t e r f a c e  e n t e r s  t h e  s m a l l  tube ,  
t h e  d e s i r e d  i n t e r f a c e  s u r f a c e  could n o t  r e a d i l y  r e s t o r e  it- 
se l f .  I n s t e a d ,  t h e  l i q u i d  would cont inue  t o  flow t o  t n e  
r i g h t  as a r e s u l t  of c a p i l l a r y  forces, i f  t h e  r a d i u s  of 
t h e  f r e e  Liquid s u r f a c e  w i t h i n  t h e  reservoir were l a r g e r  
t han  t h e  t u b e  r a d i u s  on t h e  r i g h t .  
VAPORIZATION SURFACE AND / LIQUID FLOW BARRIER 
ET,#-2.)  
\ LIQUID CESIUM WETTING 
POROUS METAL 
F i g .  1 3 .  S c h e m a t i c  Diagram o f  W e t t i n g  F l u i d  i n  a C a p i l l a r y  
Tube and Downstream Region T y p i c a l  f o r  Ion  
E n g i n e s .  
I n  this t y p e  o f  feed system d e s i g n ,  Hughes Researcn 
L a b o r a t o r i e s  has  t aken  t w o  s t e p s  t o  avoid o r  overcome t h i s  
cesium l i q u i d  breakaway s i t u a t i o n .  F i r s t ,  t h e  porous F e l t m e t a l  
used a s  a sponge has  a maximum average  pore  r a d i u s  of approxi-  
mately 35 pm. I n  t h e  i o n  t h r u s t e r  des ign  no c a p i l l a r y  o r  
t u b i n g  exis ts  on t h e  downstream s ide  of  t h e  v a p o r i z e r  w i t 1 1  a 
dimension approaching t h i s  s m a l l  va lue .  Tnerefore ,  i f  l i q u i d  
cesium breakaway o c c u r s ,  f o r c i n g  l i q u i d  downstream f r o m  
t h e  end of t h e  w i c k ,  t h e  s u r f a c e  w i l l  restore i t s e l f  as 
a r e s u l t  of the reve r sed  s u r f a c e  t e n s i o n  forces. I n  a d d i t i o n ,  
a " l i q u i d  m e t a l  t r a p "  w a s  i nco rpora t ed  immediately downstream 
f r o m  t h e  v a p o r i z e r  w i c k  end. T h i s  t r a p  c o n s i s t s  of an i n -  
l i n e  metal l ic  i n s e r t  ( i t e m  @, F i g .  14), shaped 
c o n i c a l  s u r f a c e s  where any l i q u i d  cesium which breaks away 
from t h e  wick w i l l  condense and be r e t a i n e d  i n  a minimum 
f r e e  s u r f a c e  energy c o n d i t i o n  ( p o i n t  I i n  F ig .  1 4 ) .  Trie 
i n s e r t  has a h o l e  w i t h  a c o n i c a l  shape ( p o i n t  11, Fig .  1 4 )  
t o  p rov ide  
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F i g .  1 4 .  C r o s s - S e c t i o n a l  Drawing  o f  t h e  B i -  
m e t a l  V a l v e  a n d  V a p o r i z e r  s e c t i o n .  
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on the downstream side so any liquid cesium coming through 
the hole will collect and form a minimum free energy surface 
in this region also. Thus, if cesium droplets break away 
from the end of the wick, the liquid metal trap provides 
a twofold passive safety feature. In such an event, the 
cesium vapor to the ionizer still will originate in a region 
very close to the wick. 
4. Thermal Valve 
The feed system design also incorporates a thermal 
valve in the downstream exit region of the cesium feed system. 
Inclusion of this valve results in a number of significant 
system advantages which increase the over-all reliability 
of the ion propulsion system. Specific advantages of this 
bimetal valvular element are the following: (1) operational 
test of an actual flight propulsion system can be carried 
out on--board the actual spacecraft during thermal-vacuum 
qualification tests, without the necessity for removing 
and/or reloading the ion propulsion system; (2) the valve 
provides a hard vacuum seal, and therefore prevents oxida- 
tion of cesium during long term storage; and ( 3 )  the valve 
response time is sufficiently fast to shut off the cesium 
vapor flow in the event of an unexpected total power failure 
in the propulsion system. 
The bimetallic valvular element used in a typical feed 
system is shown in Fig. 14. The valve operates according 
to the following principles: Activation of the vaporizer 
heater F raises the temperature of the housing B, which 
causes the plunger to lift because of the difference of 
the coefficients of expansion of the Kovar plunger and stain- 
less parts A and B. The plunger C is preloaded by the screw 
adjustment A which supplies seating pressure to the ball 
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D on t h e  valve seat. A s  t h e  preload element C i s  displaced 
due t o  an inc rease  i n  temperature,  t h e  Kovar plunger moves 
t h e  b a l l  t o  open t h e  valve. 
The valve may b e  set  t o  open a t  any desired temperature,  
by adjustment of t h e  threaded d i s k  A.  Repeatable valve 
opening and c los ing  temperatures have been demonstrated 
experimentally over t h e  range of 1 2 5  t o  400OC. 
The l i q u i d  m e t a l  t r a p  t h a t  was discussed ear l ier  i s  lo-  
cated between t h e  valve and t h e  vapor izer  face .  When t h e  
t h r u s t e r  restarts, any entrapped l i q u i d  w i l l  be near  t h e  
h e a t e r  H and w i l l  vaporize before  t h e  cesium a t  t h e  w i c k  
su r face .  Any s m a l l  amounts of l i q u i d  cesium downstream 
from t h e  vaporizer  t hus  can be t rapped and removed (by vapor- 
i z a t i o n )  before  they reach t h e  i o n i z e r  feed tube.  Figure 
15 shows a schematic of t h e  feed s y s t e m  a s  used on each 
s t r i p .  
C. SUPPORT STRUCTURES 
The main support  s t r u c t u r e  of t h e  t h r u s t e r  i s  an alumi- 
num frame ( i t e m  @ i n  Fig.  1) .  
from t h i s  frame i n  t h r e e  p laces .  A t y p i c a l  support  subassembly 
of t h e  feed system is comprised of two mating i n s u l a t o r s  
and s h i e l d s .  These a r e  he ld  i n  compression with a b o l t ,  
n u t ,  and washer ( @ , @ , and @ i n  Fig.  1) 
i s  alumina and provides an e l e c t r i c a l  i s o l a t i o n  f o r  t h e  
beam vol tage  of 2 kV.  The focus e l e c t r o d e  of t h e  i o n i z e r  
assembly and e x i t  e l e c t r o d e  a r e  supported by common subassem- 
bl ies .  One subassembly i s  v i s i b l e  t o  t h e  l e f t  of t h e  i o n i z e r ;  
there are t h r e e  such assemblies f o r  each s t r i p .  The e x i t  
e l e c t r o d e  i s  made e l e c t r i c a l l y  common t o  t h e  support  s t r u c t u r e  
by t h e  b o l t  and n u t  t h a t  holds  t h e  i n s u l a t o r s  and s h i e l d s  
The feed s y s t e m  i s  supported 
The ceramic 
2 5  
BIMETAL 
VALVE 
WICK 
i LIQUID CESIUM RESERVOIR 
HRLb31-30 
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together. The focus electrode is midway between the main 
support structure and exit electrode and is electrically 
isolated from them by alumina ceramics. As in the case 
of the feed system insulators, these insulators a l so  stand 
off the beam voltage of 2 kV.  Each strip has two accel 
electrodes which are shaped alike but are electrically iso- 
lated from one another. This permits bias voltages to be 
applied to them for beam deflection. The accel electrodes 
are mounted from the exit electrodes with insulators, labeled 
@ , @ I and @ in Fig. 1. Each accel is supported 
in two places. The accel electrodes are copper and stainless 
steel. The electrode surfaces near the ionizer are copper 
pieces that are brazed on the stainless steel that provides 
a rugged support. The actual desigr, of the focusing and 
deflecting part of the accel electrode is presented in more 
detail in Section 111-D. 
The neutralizers are 0.002 in. diameter thoriated- 
tungsten wire. Each strip has two neutralizers which are 
mounted to, but electrically isolated from, the exit electrode. 
This can be seen on each side of the strips in Fig. 4. The 
dimensions and processing used on the neutralizers are presented 
in Section IV. 
Electrical terminals are attached to the main structure. 
These serve as the points for leads from components of thrus- 
ters such as leads to accel electrode, neutralizer, and vapor- 
izer. A rear view photograph in Fig. 16 shows these terminals 
on the support structure around the cesium reservoirs. 
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F i g .  1 6 .  P h o t o g r a p h  o f  R e a r  V i e w  o f  Dual Beam 
T h r u s t e r  S y s t e m .  
D. OPTICS DESIGN 
The objectives of this task were to design the deflection 
optics for the strip engine to produce a +30°deflection 
angle with minimum deflection voltage while maintaining 
good ion optics (i.e, very low direct interception). It is 
important to minimize the deflection voltage, which also mini- 
mizes the ionizer current density variations and direct 
interception. For all these investigations, the basic ex- 
traction geometry (emitter focus to upstream accel) was 
the Model 7 0  optics which has been studied previously botn 
in the trajectory tracer and experimental thrusters. The 
deflection optics design was accomplished by digital computer 
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s imula t ions  i n  which a number of i t e r a t i o n s  w e r e  r equ i r ed  t o  
a r r i v e  a t  t h e  f i n a l  opt imized des ign .  The areas i n v e s t i g a t e d  
wi th  t h e  d i g i t a l  computer w e r e  (1) d e f l e c t a b l e  geometry, 
( 2 )  p a r t i a l  space  charge o p e r a t i o n s ,  ( 3 )  i o n i z e r  n e u t r a l  f low 
d i s t r i b u t i o n s ,  and ( 4 )  t h e  shape and p o s i t i o n  of  t h e  down- 
stream boundary. Ion t ra jector ies ,  i n c l u d i n g  space charge ,  
w e r e  computed and p l o t t e d  each of  t h e  geometr ies ,  and t h e  
average d e f l e c t i o n  angle  w a s  computed f o r  each of t h e s e  
cases. I n  a d d i t i o n  t o  t h e . d i g i t a 1  computer i n v e s t i g a t i o n s ,  
t h e  deep e l e c t r o l y t i c  tank  w a s  used t o  d e s i g n  end e f f e c t  
e l e c t r o d e s  f o r  t h e  f i n a l  geometry. 
1. Geometrv Inves t i a a t i o n  
A l l  t h e  geometr ies  s t u d i e d  w e r e  c o n f i g u r a t i o n s  i n  which 
a segmented accel serves as t h e  d e f l e c t i n g  s t r u c t u r e .  A l -  
though t h i s  method has  t h e  advantage of s i m p l i c i t y ,  it pro- 
duces a nonuniform g r a d i e n t  a t  t h e  e m i t t e r ,  t h u s  producing 
a v a r i a t i o n  i n  c u r r e n t  d e n s i t y  c a p a b i l i t y  a c r o s s  t h e  i o n i z e r .  
The a c t u a l  dependence of  t h e  c u r r e n t  d e n s i t y  v a r i a t i o n s  
on t h e  t r a n s v e r s e  v o l t a g e  i s  minimized by a high d e f l e c t i o n  
s e n s i t i v i t y .  An a l t e r n a t i v e  method of  beam d e f l e c t i o n  n o t  
used h e r e ,  i s  downstream d e f l e c t i o n  o f  t h e  accel e l e c t r o d e ,  
wi th  e i ther  a segmented d e c e l  e l e c t r o d e ,  o r  w i t h  an electrode 
in t e rmed ia t e  between t h e  accel and decel e l e c t r o d e .  These 
methods have t h e  advantage because t h e  i o n i z e r  i s  s h i e l d e d  
from t h e  d e f l e c t i n g  f i e l d s ,  and t h e  d e f l e c t i o n  t a k e s  p l a c e  
i n  a r eg ion  o f  lower a x i a l  v e l o c i t y  where t h e  d e f l e c t i o n  
s e n s i t i v i t y  i s  gr 'eater .  However, t h e  e f f e c t  of  a t r a n s v e r s e  
f i e l d  on t h e  n e u t r a l i z e r  e l e c t r o n s  i s  a problem t h a t  must be 
reso lved  exper imenta l ly  be fo re  t h e  method can be considered 
p r a c t i c a l .  Another problem of t h e  p o s t  accel d e f l e c t i o n  
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i s  t h a t  space charge  expansion produces a broader  beam near  
t h e  d e c e l ,  r e q u i r i n g  wider d e f l e c t i o n  p l a t e s  (lower s e n s i t i v i -  
t y ) ,  t o  prevent  d i r e c t  i n t e r c e p t i o n .  
The b a s i c  d e f l e c t i o n  geometry i n v e s t i g a t e d  us ing  t h e  
d i g i t a l  computer i s  shown i n  F ig .  1 7 .  The d i s t a n c e  a i s  
f i x e d  s i n c e  Model 70  o p t i c s  w e r e  maintained f o r  a l l  cases. 
The t w o  v a r i a b l e s  w e  have a t  our d i s p o s a l  are t h e  t a p e r  r a t i o  
m = c/a, and t h e  normalized d e f l e c t i o n  l e n g t h  L = b/a.  Simple 
theo ry  f o r  t h e  d e f l e c t i o n  ang le  of  t ape red  p l a t e  geometry 
has  been determined7 showing t h a t  
1 2 AV I n  m 
m - 1  t a n  8 = - 
Der iva t ion  of t h i s  formula assumes, (1) no space  charge,  
( 2 )  c o n s t a n t  a x i a l  v e l o c i t y  ( e . g . ,  no d e c e l ) ,  and (3 )  p a r a l -  
l e l  inc idence .  S ince  none of t h e s e  assumptions are  s a t i s f i e d ,  
w e  would n o t  expec t  t h i s  formula t o  be q u a n t i t a t i v e l y  c o r r e c t ,  
though q u a l i t a t i v e l y  w e  would expec t  t h e  d e f l e c t i o n  s e n s i t i v i t y  
t o  i n c r e a s e  w i t h  i n c r e a s i n g  L and dec reas ing  m. D i g i t a l  
computer t ra jector ies  w e r e  run  for  t h r e e  d i f f e r e n t  geometr ies .  
The f i r s t  two geometr ies  had a normalized l e n g t h  of L = 1 . 2  
w i th  t a p e r  r a t i o s  of m = 3.06 ( C a s e  I) and m = 1 . 6  ( C a s e  11) 
whi le  t h e  f i n a l  geometry ( C a s e  111) had a normalized l e n g t h  
o f  1 . 7  w i t h  t h e  s a m e  t a p e r  a n g l e  as C a s e  11. The computer 
genera ted  trajectories showed t h a t  a l l  t h r e e  geometr ies  pro- 
duced well-focused beams w i t h  no direct  i n t e r c e p t i o n .  Each 
of t h e s e  geometr ies  w e r e  run  w i t h  a number o f  d e f l e c t i n g  
v o l t a g e s  t o  determine t h e  dependence o f  t h e  average d e f l e c -  
t i o n  ang le  on t h e  normalized d e f l e c t i o n  v o l t a g e  ( 2  AV)/Va. 
The average d e f l e c t i o n  ang le  f o r  each run  w a s  computed as 
fo l lows:  
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i=l 
This  method weights  each of t h e  27 computed t ra jector ies  
accord ing  t o  t h e  c u r r e n t  of each r a y  t i m e s  i t s  d e f l e c t i o n  
ang le  i n  o rde r  t o  g i v e  a q u a n t i t a t i v e  measure of t h e  a c t u a l  
t r a n s v e r s e  t h r u s t .  Empi r i ca l ly ,  t h e s e  c a l c u l a t i o n s  showed 
t h e  average d e f l e c t i o n  ang le ,  computed i n  t h e  manner descr ibed  
above, w a s  f o r  m o s t  cases, about  1 0 %  lower than  t h e  d e f l e c t i o n  
computed f o r  t h e  c e n t r a l  r a y .  For a l l  t h e  cases it w a s  found 
t h e  d e f l e c t i o n  ang le  w a s  a l i n e a r  f u n c t i o n  of t h e  d e f l e c t i o n  
vo l t age .  A summary of t h e  d i g i t a l  computer geometry i n v e s t i -  
g a t i o n  i s  l i s t e d  below. I n  t h i s  l i s t i n g  t h e  d e f l e c t i o n  s e n s i -  
t i v i t i e s  are normalized wi th  r e s p e c t  t o  t h e  va lue  ob ta ined  
for  t h e  Case 111 geometry. 
Summary o f  D i g i t a l  C o m p u t e r  Geometry  I n v e s t i g a t i o n s  
I t  i s  seen t h a t  t h e  d e f l e c t i o n  s e n s i t i v i t y  f o r  Case 
I1 i s  approximately 20% h ighe r  t han  C a s e  I ,  because t h e  
narrower t a p e r  produces a s t r o n g e r  t r a n s v e r s e  f i e l d  f o r  
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a g iven  n o r m a l i z e d - d e f l e c t i o n  vo l t age .  However, t h e  i n c r e a s e  
i s  n o t  p r o p o r t i o n a l  t o  I n  m / ( m  - 1) as eq.  (1) p r e d i c t s ,  
because as t h e  t a p e r  r a t i o  increases,, t h e  d e c e l  f i e l d  p e n e t r a t e s  
f a r t h e r  upstream i n t o  t h e  d e f l e c t i n g  r eg ion  producing a 
lower a x i a l  v e l o c i  t e n d s  t o  i n c r e a s e  the '  d e f l e c t i o n  
s e n s i t i v i t y  wh i l e  t eaker  t r a n s v e r s e  f i e l d  f r o m  t h e  inc reas -  
i n g  t a p e r  r a t i o  dec reases  t h e  d e f l e c t i o n  s e n s i t i v i t y .  A s  
a r e s u l t ,  t h e  d e f l e c t i o n  s e n s i t i v i t y  i s  a weaker f u n c t i o n  
of  t h e  t a p e r  r a t i o  than  p r e d i c t e d  i n  eq.  (1). Thus, eq .  
(1) would p r e d i c t  t h a t  d e f l e c t i o n  s e n s i t i v i t y  would i n c r e a s e  
%60%, going from t h e  wide t o  narrow t a p e r ,  while  t h e  a c t u a l  
i n c r e a s e  w a s  only ~ 2 0 % .  The l i s t i n g  a l s o  shows t h e  e f f e c t  
of  changing t h e  d e f l e c t i o n  l e n g t h  whi le  keeping t h e  t a p e r  
ang le  c o n s t a n t .  I t  i s  seen t h e  d e f l e c t i o n  s e n s i t i v i t y  has  i n -  
c reased  ~ ~ 5 4 %  going from t h e  C a s e  I1 t o  t h e  C a s e  I11 geometry 
which approximates t h e  i n c r e a s e  i n  normalized d e f l e c t i o n  
l eng ths  ~ ~ 4 2 % .  The C a s e  I11 geometry w a s  chosen f o r  t h e  
f i n a l  des ign  because it w a s  be l i eved  any i n c r e a s e  i n  d e f l e c t i o n  
s e n s i t i v i t y  r e s u l t i n g  from a longer  d e f l e c t i o n  r eg ion  o r  
a narrower t a p e r  would produce t r a j e c t o r i e s  which would 
come too c l o s e  t o  t h e  d e c e l  e l e c t r o d e ,  F igu re  1 8  shows t h e  
computed trajectories f o r  t h e  C a s e  I11 geometry wi th  f u l l  
space charge .,
2 .  E f f e c t  of P a r t i a l  Space Charge 
For a l l  t h e  cases cons idered  so f a r ,  t h e  t r a j e c t o r i e s  
w e r e  c a l c u l a t e d  f o r  t h e  f u l l  space  charge  c o n d i t i o n .  I n  
t h e s e  cases t h e  c u r r e n t s  w e r e  c a l c u l a t e d  assuming space 
charge l i m i t e d  c u r r e n t  c o n d i t i o n s  a t  t h e  e m i t t e r .  T h i s  
i m p l i c i t y  assumes t h e  o p e r a t i n g  p o i n t  occu r s  on t h e  space  
charge l i m i t e d  perveance l i n e  and t h e  n e u t r a l  f low d i s t r i b u -  
t i o n  across t h e  i o n i z e r  matches t h e  space charge l i m i t e d  
c u r r e n t  c a p a b i l i t y  of t h e  o p t i c s .  However, i n  a c t u a l  prac-  
t i c e  t h e  engine i s  opera ted  f low l i m i t e d ,  it w a s  necessary  
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t o  determine t h a t  t h e  computed d e f l e c t i o n  ang le  and t ra jec-  
t o r i e s  fo r  t h e  p a r t i a l  space  charge cond i t ion  w e r e  n o t  appre- 
c i a b l y  d i f f e r e n t  from t h e  f u l l  space  charge cond i t ions .  To 
produce a l a r g e  effect ,  t h e  space  charge  l i m i t e d  c u r r e n t s  
w e r e  m u l t i p l i e d  by 1 / 2 0  and t h e  program w a s  r e r u n  w i t h  t h e  
C a s e  I11 geometry. I n  t h i s  case t h e  appearance of t he  trajec- 
to r i e s  i s  q u i t e  d i f f e r e n t  (see Fig .  1 9 )  because t h e  beam 
has  n e a r l y  "co l l apsed"  because o f  t h e  absence of any apprec ia -  
b l e  space  charge f o r c e s .  The computed d e f l e c t i o n  ang le  
f o r  t h i s  case showed there w a s  a 25% dec rease  i n  t h e  d e f l e c -  
t i o n  a n g l e  compared w i t h  t h e  f u l l  space  charge va lue .  Extrapo- 
l a t i n g  t h i s  extreme case t o  t h e  25% t h r u s t  va lue  (%1/5 space  
charge)  would p r e d i c t  a 1 / 4  x 25% = 6% dec rease  i n  d e f l e c t i o n  
angle  ( i . e . ,  d e c r e a s i n g  f r o m  t h e  1 0 0 %  t h r u s t  l eve l  t o  t h e  
25% t h r u s t  l e v e l ) .  Th i s  r e d u c t i o n  i n  d e f l e c t i o n  s e n s i t i v i t y  
f o r  p a r t i a l  space  charge  o p e r a t i o n  i s  i n e v i t a b l e  because 
of  t h e  n a t u r e  of d e f l e c t i n g  f i e l d s .  
o f  t h e  poten t ia l .  versus r a d i u s  a t  a r e p r e s e n t a t i v e  cross 
s e c t i o n  i n  t h e  d e f l e c t i o n  r e g i o n .  This  f i g u r e  shows t h a t  
t h e  s l o p e  of t h i s  c u r v e  i n c r e a s e s  i n  e i t h e r  d i r e c t i o n  away 
from t h e  c e n t e r l i n e .  Because t h e  t r a n s v e r s e  f o r c e  i s  propor- 
t i o n a l  t o  t h e  s l o p e  of t h i s  cu rve  t h e  p a r t i a l  space charge 
c a s e s ,  which have a l a r g e r  percentage  of t h e  c u r r e n t  i n  
t h e  c e n t r a l  r e g i o n ,  w i l l  n o t  be  d e f l e c t e d  as much as  t h e  
f u l l  space  charge cases which u t i l i z e  t h e  r eg ion  c l o s e r  
t o  t h e  d e f l e c t i n g  e l e c t r o d e s  where t h e  t r a n s v e r s e  g r a d i e n t  
i s  h ighe r .  
F igu re  2 0  shows a p l o t  
3 .  . I o n i z e r  N e u t r a l  Flow D i s t r i b u t i o n  
An ideal. i o n i z e r  would have a n e u t r a l  flow d i s t r i b u t i o n  
which e x a c t l y  matched t h e  c u r r e n t  c a p a b i l i t y  of t h e  o p t i c s .  
For t h e  Model 7 0  o p t i c s ,  F ig .  2 1  shows t h e  d i g i t a l  computer 
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n o  D e f l e c t i o n ,  L e f t  D e f l e c t i o n ,  a n d  
R i g h t  D e f l e c t i o n  f o r  a N o r m a l i z e d  
D e f l e c t i o n  V o l t a g e  o f  0 . 1 6 .  
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c a l c u l a t i o n  of t h e  v a r i a t i o n  i n  the space charge l i m i t e d  
c u r r e n t  c a p a b i l i t y  of  t h e  o p t i c s  f o r  no d e f l e c t i o n ,  l e f t  
d e f l e c t i o n ,  and r i g h t  d e f l e c t i o n  f o r  a normalized d e f l e c t i o n  
v o l t a g e  of 2 AV/V = 0 . 1 6  and a t o t a l  (average)  voltage of 
6 .67  kV. The unde f l ec t ed  case produces a s u b s t a n t i a l l y  
uniform d i s t r i b u t i o n ,  whi le  the d e f l e c t e d  cases produce 
d i s t r i b u t i o n s  which are t i l t e d  about  t h e  c e n t e r  of  t h e  unde- 
f l e c t e d  case i n  a d i r e c t i o n  toward t h e  h igh  v o l t a g e  side. 
T h e  amount of t h i s  tilt i s  approximately equal  t o  t h e  normalized 
d e f l e c t i o n  vel-tage ('~16%) . An i d e a l  n e u t r a l  f low d i s t r i b u t i o n  
would e x a c t l y  match t h e  c u r r e n t  c a p a b i l i t y  o f  t h e  o p t i c s  
f o r  a l l  t h e  cases and i s  obvious ly  impossible .  The optimum 
p h y s i c a l l y  r e a l i z a b l e  d i s t r i b u t i o n  would be  a n e u t r a l  f low,  
symmetric about t h e  c e n t e r l i n e ,  which matched t h e  lowes t  
combination o f  t h e  t h r e e  curves  and i s  t h e  composite d i s t r i b u -  
t i o n  c o n s i s t i n g  of  t h e  t w o  low v o l t a g e  s i d e s ,  of t h e  d e f l e c t e d  
d i s t r i b u t i o n s .  This  i d e a l  composite d i s t r i b u t i o n  i s  a l s o  
s u b s t a n t i a l l y  uniform w i t h  a v e r y  s l i g h t  peak i n  t h e  c e n t e r .  
I f  t h i s  i d e a l  d i s t r i b u t i o n  could be c l o s e l y  approximated, 
t h e  engine could b e  opera ted  i n  t h e  f l o w  l i m i t e d  regime 
a very  s l i g h t  d i s t a n c e  t o  t h e  r i g h t  o f  t h e  perveance curve ,  
and t h e r e  would be l i t t l e  "rounding" a s  t h e  t r a n s i t i o n  from 
space  charge l i m i t e d  t o  flow l i m i t e d  o p e r a t i o n  took p l ace .  
I n  t h i s  case t h e  t o t a l  c u r r e n t  handl ing  c a p a b i l i t y  o f  t h e  
o p t i c s  could be  achieved w i t h  t h e  minimum p o s s i b l e  v o l t a g e .  
I n  a c t u a l  p r a c t i c e  t h e r e  i s  cons ide rab le  rounding of t h e  
perveance curve  because t h e r e  i s  n o t  a p e r f e c t  match between 
t h e  c u r r e n t  hand l ing  c a p a b i l i t y  (which i s  s u b s t a n t i a l l y  
uni form) ,  and t h e  n e u t r a l  cesium a r r i v a l  ra te .  T h e  p r e s e n t  
i o n i z e r  h a s  a f l a t  upstream s i d e  so t h e  c e n t e r  t h i c k n e s s  
i s  a minimum. The r e s u l t i n g  n e u t r a l  f low d i s t r i b u t i o n . i s ,  
t h e r e f o r e ,  peaked a t  t h e  c e n t e r ,  and t h u s  r e q u i r e s  a h ighe r  
v o l t a g e  t o  achieve  flow l i m i t e d  o p e r a t i o n  a t  t h e  c e n t e r  
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than  a t  t h e  edges. The exac t  n e u t r a l  flow d i s t r i b u t i o n  
i s  determined by a nonl inear  d i f f e r e n t i a l  equat ion ,  describ- 
i n g  molecular flow through an assemblage of c a p i l l a r i e s .  
In  each of  t h e s e  c a p i l l a r i e s ,  Knudsen f low occurs8 
i s  t o o  complicated t o  j u s t i f y  an a t tempt  a t  an a n a l y t i c a l  
s o l u t i o n .  An estimate of how "peaked" t h e  n e u t r a l  flow 
d i s t r i b u t i o n  a c t u a l l y  i s  i n  an ope ra t ing  engine,  w a s  ob- 
t a i n e d  by t r i a l  and e r r o r  methods of assuming a n e u t r a l  
flow d i s t r i b u t i o n ,  and i n t e g r a t i n g  t o  f i n d  t h e  t o t a l  c u r r e n t  
under t h e  t r i a l  curve f o r  a given peak amplitude. By compar- 
i n g  t h i s  c u r r e n t  w i th  t h e  t h e o r e t i c a l  space charge l i m i t e d  
c u r r e n t  (see Fig .  2 1 )  having t h e  s a m e  peak amplitude i n  
t h e  c e n t e r ,  an e s t ima te  w a s  obtained of  how f a r  t o  t h e  r i g h t  
of t h e  perveance curve it would be necessary  t o  o p e r a t e  
t o  achieve flow l i m i t e d  ope ra t ion  f o r  the t r i a l  n e u t r a l  
f low d i s t r i b u t i o n .  By i t e r a t i n g  t h e  t r i a l  n e u t r a l  d i s t r i -  
b u t i o n s ,  a d i s t r i b u t i o n  w a s  found which would produce an 
o p e r a t i n g  p o i n t  which agreed with t h e  experimental ly  measured 
break p o i n t  occu r r ing  t o  t h e  r i g h t  of t h e  space charge l i m i t e d  
perveance curve.  Figure 22  shows t h e  n e u t r a l  d i s t r i b u t i o n  
obta ined  by t h i s  t r i a l  and e r r o r  method f o r  t he  1 0 0 %  (18 
mA) t h r u s t  l e v e l .  The d i s t r i b u t i o n  i s  q u i t e  peaked, having 
a peak-to-edge c u r r e n t  d e n s i t y  of approximately t h r e e  t o  
one. When t h i s  d i s t r i b u t i o n  w a s  run  wi th  t h e  d i g i t a l  computer 
program it w a s  found t h e r e  w a s  a r educ t ion  of only about 
1' f o r  t h e  computed va lue  of t h e  average d e f l e c t i o n  angle ,  
compared t o  t h e  f u l l  space charge case. Thus, from t h i s  
s tudy it w a s  concluded t h a t  t h e  n e u t r a l  flow d i s t r i b u t i o n  pro- 
duced only a second-order e f f e c t  on t h e  computed d e f l e c t i o n  
angle .  
and 
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4. Shape and P o s i t i o n  of  Downstream Boundary 
The o t h e r  remaining area i n v e s t i g a t e d  w a s  t h e  p o s i t i o n  
of  t h e  downstream boundary a t  decel (ground p o t e n t i a l ) .  
A l l  t h e  previous cases used a downstream boundary as shown 
i n  F ig .  1 7 .  I n  a c t u a l  ope ra t ion  t h i s  boundary i s  t h e  plasma 
"meniscus" which s e p a r a t e s  t h e  pure  ion  flow from t h e  downstream 
n e u t r a l i z e d  plasma, where i d e a l l y  the i o n s  t r a v e l  i n  s t r a i g h t  
l i n e s  s i n c e  t h i s  i s  a f i e l d  f r e e  r eg ion .  A completely r i g o r o u s  
t r ea tmen t  would r e q u i r e  t h i s  boundary t o  be loca ted  s e l f -  
c o n s i s t e n t l y  wi th  t h e  i o n  flow. Th i s  would r e q u i r e  a cons ider -  
able number o f  i t e r a t i o n s  t o  f i n d  a boundary where t h e  normal 
g r a d i e n t  w a s  ze ro ,  and on which t h e  p o t e n t i a l  w a s  a c o n s t a n t  
equal  t o  t h e  plasma p o t e n t i a l ,  which i s  t y p i c a l l y  a few 
v o l t s  p o s i t i v e  w i t h  r e s p e c t  t o  t h e  grounded dece l  t o  t r a p  
t h e  n e u t r a l i z i n g  e l e c t r o n s .  
Because of t i m e  l i m i t a t i o n s  t h i s  w a s  n o t  done b u t  a 
number of downstream boundaries  w e r e  t r i ed  t o  see how s e n s i -  
t i v e  t h e  computed d e f l e c t i o n  angle  w a s  t o  t h e  shape and 
p o s i t i o n  of t h e  boundary. A l l  t h e s e  cases used i o n i z e r  
c u r r e n t s  computed f o r  t h e  1 0 0 %  t h r u s t  l e v e l  w i th  t h e  peaked 
n e u t r a l  d i s t r i b u t i o n  d i scussed  i n  t h e  prev ious  s e c t i o n .  
These s t u d i e s  i n d i c a t e d  t h a t  t h e  p o s i t i o n  of t h e  down- 
stream plasma meniscus w a s  more important  t han  i t s  shape i n  
determining t h e  average d e f l e c t i o n  angle .  By running a num- 
ber of cases i n  which t h e  s imula ted  plasma meniscus w a s  a 
s t r a i g h t  boundary a t  d e c e l  p o t e n t i a l ,  s epa ra t ed  from t h e  
a c t u a l  decel e l e c t r o d e  by Neumann boundaries  on t h e  two 
axes of symmetry, it w a s  found t h e  computed d e f l e c t i o n  
angle  i n i t i a l l y  decreased then  s t a b i l i z e d  a t  a cons t an t  
va lue  as t h i s  boundary w a s  moved downstream from t h e  pos i -  
t i o n  shown i n  F ig .  1 7 .  The t r a j e c t o r i e s  f o r  t h e  f i n a l  i tera-  
t i o n  of  t h i s  procedure are shown i n  F ig .  2 3  which p r e d i c t s  
a nominal 20'  average d e f l e c t i o n  f o r  a normalized d e f l e c -  
t i o n  v o l t a g e  of 0 . 1 5 .  
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5.  End E f f e c t s  Design 
The d i g i t a l  computer s t u d i e s  d i scussed  p rev ious ly ,  ana.- 
lyzed t h e  flow of i o n s  i n  a r e p r e s e n t a t i v e  cross s e c t i o n  
of t h e  beam which w a s  assumed t o  be i n f i n i t e  i n  l e n g t h .  
I n  a c t u a l  p r a c t i c e ,  t h e  s t r i p s  t e rmina te ,  making it neces- 
s a r y  f o r  t h e  ion  o p t i c a l  des ign  t o  p rope r ly  focus  t h e  i o n s  
a t  t h e  end o f  t h e  i o n i z e r .  Before t h i s  s tudy  w a s  begun, 
it w a s  no t  known whether t h e  segmented accel r equ i r ed  f o r  
beam d e f l e c t i o n  would be a problem area. Therefore ,  t h e  
e l e c t r o l y t i c  tank  w a s  used t o  i n v e s t i g a t e  t h e  end e f f e c t s  
problem f o r  t h e  f i n a l  d e s i g n  der ived  from t h e  d i t i a l  computer 
s t u d i e s .  The b a s i c  i d e a  used i n  t h i s  s t u d y  w a s  t h e  same 
as t h a t  used by K r a m e r  and Todd' fo r  t h e  undef lec ted  s t r i p  
o p t i c s .  This  method i s  t o  f i r s t  des ign  t h e  t w o  dimensional  
e l e c t r o d e  shapes ( f o r  u s e  a long  t h e  l e n g t h  of  t h e  beam), 
i n c l u d i n g  space  charge ,  e i t h e r  i n  t h e  e l e c t r o l y t i c  tank  
o r  w i t h  t h e  d i g i t a l  computer. When t h e  des ign  i s  complete 
a p o t e n t i a l  p l o t  i s  taken  on t h e  c e n t r a l  p lane  of t h e  gun. 
A model of  t h e  end o f  t h e  gun is  then placed i n  an electror 
l y t i c  t a n k  and t h e  c e n t r a l  p l ane  p o t e n t i a l  i s  matched a long  
t h e  s imula ted  end beam boundary by a modified Pierce technique  
used by Brewer' '  and desc r ibed  by Gal lagher .  T h i s  approach 
cance l s  any t r a n s v e r s e  e lectr ic  f i e l d  a t  t h e  beam end so 
it may pass  through t h e  engine wi thout  h i t t i n g  any e l e c t r o d e s .  
F igu re  2 4  shows t h e  e l e c t r o l y t i c  tank  s e t u p  used t o  des ign  
end e f fec t  e l e c t r o d e s  f o r  t h e  s t r i p  i o n  beam wi th  d e f l e c t i n g  
accel e l e c t r o d e s .  Because of t h e  l a c k  o f  any symmetry p l ane  
when d e f l e c t i o n  v o l t a g e  i s  , a p p l i e d ,  it w a s  necessary  t o  
u s e  t h e  deep t ank  and model t h e  complete end e f f e c t  e l e c t r o d e  
geometry r a t h e r  t han  u s i n g  a wedge s e c t i o n  a s  desc r ibed  
i n  Ref. 9 .  Th i s  r equ i r ed  t h e  c o n s t r u c t i o n  of  a s p e c i a l  
probe which Could measure p o t e n t i a l s  below t h e  s u r f a c e  of 
4 4 
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t h e  w a t e r .  The r e s u l t s  of t h e  p o t e n t i a l  measurements from 
t h i s  s tudy (Fig.  25) show t h e  p o t e n t i a l  ca l cu la t ed  i n  t h e  
central  plane by t h e  d i g i t a l  computer along with the poten- 
t i a l s  measured i n  t h e  e l e c t r o l y t i c  tank f o r  , d i f f e r e n t  focus- 
e m i t t e r  d i s t a n c e s  a t  the  beam end. This  f i g u r e  shows how 
a focus too  c l o s e  t o  t h e  e m i t t e r  causes t h e  p o t e n t i a l  a t  
t h e  beam edge t o  be too low, while  t h e  r eve r se  i s  t r u e  when 
t h e  focus i s  too  far  away. Reference 11 has shown t h a t  
f o r  c y l i n d r i c a l  beams, when t h e  p o t e n t i a l  along t h e  b e a m  
boundary i s  t o o  low, t h e  beam i s  compressed o r  overfocused 
while it diverges  f o r  t h e  oppos i te  case .  Figure 2 5  a l s o  
shows t h a t  a t  in te rmedia te  d i s t a n c e s  a very good p o t e n t i a l  
match i s  obtained showing t h a t  t h e  segmented acce l  design 
can be  employed with no harmful ion  o p t i c a l  e f f e c t s .  T h e  
optimum d i s t a n c e  of 0 . 0 4 4 5  i n  between t h e  focus and e m i t t e r  
w a s  found from t h i s  s tudy and w a s  incorporated i n  t h e  f i n a l  
des ign .  
6 .  Comparison of Theory and Experiment 
Table I summarizes t h e  main conclusions pred ic ted  by t h e  
computer modeling and t h e  experimental  observat ions.  A s  
i nd ica t ed  i n  t h e  tab le  t h e r e  i s  good agreement between theory 
and experiment. The d i f f e r e n c e  between t h e  measured and 
ca l cu la t ed  va lues  f o r  t h e  d e f l e c t i o n  s e n s i t i v i t y  are wi th in  
t h e  experimental  measurement e r r o r s .  
E .  VIBRATIONAL ANSLYSIS 
The o r i g i n a l  v i b r a t i o n a l  environment s p e c i f i e d  i n  t h i s  
program f o r  t h e  dua l  beam t h r u s t e r  s y s t e m  fol lows.  
4 6 
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T A B L E  I 
Main Conclusions a n d  Experimental Observat ions 
P r e d i c t e d  by t he  Computer Modeling 
Theory 
Very low d i r e c t  i n t e r c e p t i o n .  
Computed d e f l e c t i o n  s e n s i -  
t i v i t y  of 2 A V / V t o t  = 0 . 1 8  f o r  
24" d e f l e c t i o n .  
E n d  e f f e c t s  design f o r  de- 
f l e c t e d  beam. 
Linear  v a r i a t i o n  in  8 versus 
Decrease in  d e f l e c t i o n  s e n s i -  
t i v i t y  as  beam c u r r e n t  i s  
reduced. 
2 AV/V,ot. 
Experiment 
Veri f i ed.  
Measured d e f l e c t i o n  s e n s i -  
t i v i t y  o f  2 A V / V t o  = 0 . 2  f o r  
2 4 "  d e f l e c t i o n  a t  t o o %  th rus t  
l e v e l .  
Design v e r i f i e d .  iJo e ros ion  
seen near  ends .  
Q u a n t i t a t i v e l y  v e r i f i e d .  
Q u a l i t a t i v e l y  v e r i f i e d ,  ex- 
per imental  d a t a  shows f a s t e r  
decrease with c u r r e n t  t h a n  
theory p r e d i c t s .  
T19C 
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0 All components and subsystems shall be de- 
signed for nominal operation after being 
subjected to shocks of 35 g's and sinu- 
soidal vibrations of 3.0 g's peak amplitude, 
10 to 2000 Hz, along each of three mutually 
perpendicular axes at a sweep rate of 2.0  
octaves/min. 
Subsequent discussions with the NASA Project Manager modifed 
these specifications to read: 
m All components and subsystems shall be 
designed for normal. operation after being 
subjected to shocks of 35 g's, one-half 
sine wave for 8 msec, and sinusoidal vibra- 
tions of 3 g's k 3 g's peak amplitude, 
2 0  to 2000 Hz along each of three mutually 
perpendicular axes at a sweep rate of 2.0 
octaves/min. 
In practice, components and subsystems are qualified at one 
and one-half times the sinusoidal vibration; therefore, the 
design qualification for this sinusoidal vibration was 
9.0 g's. This study was analytical in nature because shake 
test of the hardware was not required under this program. 
The study began with a review of the vibration analysis 
of programs that were used on other strip thrusters and 
new programs which could be applied to the present system. 
Discussions with other Hughes Aircraft Company personnel, who 
were responsible for handling vibration programs for space 
hardware supported this initial investigation. The first com- 
puter program considered for use was called DYNM 2. This 
program is a completely general program which computes 
the steady-state response of a linear N degree-of-freedom 
system of masses, springs and dampers subjected to a sinusoidal 
excitation of one or more masses at any desired frequency. 
The input consists of the elements of the inertia, stiffness, 
and damping matrices, and vectors of the amplitudes of 
the forcing function. The output consists of displacement 
amplitudes and phase of each mass. Natural frequencies then 
49 
are estimated by plotting the results of the displacement 
computations to determine the frequency or frequencies 
when large displacements occur. Further studies showed a 
MARS (Matrix Analysis Routine for Structures) computer 
program was more suitable for the analysis. The MARS program 
is an improved version of the LESAR (Linear Elastic Struc- 
tural Analysis Routine) program, used on other strip thruster 
vibration studies. The MARS program is written for a GE 635 
computer used at Hughes Aircraft Company. The MARS program 
has the advantage of directly computing the required stiff- 
ness, inertia, and damping matrices from the dimensions 
and material constants of the system. The DYNM 2 programs 
required these matrices to be computed in advance and presented 
as input data. 
1. MARS Computer Program 
The vibrational analysis of the linear strip ion thruster 
system was performed by the MARS I and MARS I1 computer 
programs. The MARS I program, used in this analysis, computes 
the natural freeencies and modes of a structural model 
which consist of beams and shell elements. Structural 
masses are "lumped" at node points which represent the 
element extremities. A model may contain as many as 60 
mass nodal stations and an unlimited number of connecting 
elements. This is equivalent to 360' of freedom; at each 
mass point there may be three translational and three rotation- 
al degrees of freedom. 
MARS computer program. The input requirements to the GE 
635 computer consist of the mass and rotational inertia 
at each node, coordinates, element across-sectional properties, 
material constants, and node numbers which define the element 
Figure 26 is a schematic of the 
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end points. The flexible elements are entered into the 
program data by the programmer in any of the following 
three types. 
Type 1: Elemental stiffness matrix is ex- 
ternally generated by the programmer 
and is coded by hand. 
Type 2: Symmetrical elements - elemental stiff- 
ness matrix is generated by the computer 
program using the dimensions of circu- 
lar elements. 
Type 3 :  Nonsymmetrical elements - elemental 
stiffness matrix is generated by the 
computer using moments of inertia cal- . 
culated by the programmer. 
The MARS I1 program determines the dynamic response of 
the model, using the frequencies and mode shapes computed 
by MARS I. Frequencies and amplitudes of the excitation 
forces are the only additional input data. 
structure where dynamic response is required. Structural 
and component weight is lumped in proportion to the number 
of mass stations in a given area. The coordinates of each 
station are input using any arbitrary reference system, 
and the computer program formulates the elemental stiffness 
matrices and rotates them into system coordinates. It 
then compiles the system stiffness matrix and solves for 
eigenvalues and eigenvectors. The transmissibility of 
each mass station then is determined by applying a unit 
load (1.0 g) at the base. The response to any sinusoidal 
input specification is then found by multiplying the trans- 
missibilities by the input level at each natural frequency 
for every mass station. Next, bending and twisting moments 
are found by multiplying the stiffness matrix by the displace- 
ments to compute the shear loads and moments from the moment- 
arm distances between mass stations. 
The mass stations are chosen at points throughout the 
5 2  
2.  Description of Mathematical Model 
The thruster assembly is composed of two identical 
halves, or subassemblies. The symmetry of the design enabled 
the programmer to make a detailed model of one-half of the 
total assembly and a less complicated model of the other half. 
A total of 60 mass stations and 9 6  connecting elements were 
used in the model shown in Fig. 27. The left side of the 
assembly (in the positive x-direction) is modeled in detail 
and the right side modeled to ensure that the over-all system 
flexibility and mass properties are adequately simulated. 
Mass Stations 1-20 represent a detailed model of the 
aluminum main support housing. Stations 4, 8, and 1 3  are 
the attachment points, and are used as the base for sinusoidal 
vibrational and shock input. The ionizer subassembly is 
a critical part of the thruster assembly and is represented 
in detail. The porous tungsten emitter and manifold assembly 
is shown by mass Stations 27,  29 ,  and 36.  The emitter assembly 
is supported by Mo/Re strips which are represented by elements 
connected to Stations 31, 32,  33,  and 3 4  on the sub-base. 
The sub-base is supported by elements connecting mass Stations 
31, 32, 33, 34 ,  with Stations 30,  35, 37 ,  and 38.  
The accelerator electrodes are cantilevered from ceramic 
insulators at mass Stations 45-46,  47-48,  57-58,  56-59 .  These 
were also modeled in detail to obtain loads in the accel, 
decel, and ceramic subassemblies. Stations 2 3  and 24 represent 
the cesium reservoir centers of gravity and were considered 
to be filled with 70.0  grams of cesium (each) for the dynamic 
analysis. 
vibration. This value was determined from experience with 
similar structures which have been verified by actual vibration 
tests. A lower value (1%) was used for the shock simulation, 
because a structure of this type has low damping when subjected 
to a shock pulse. 
A damping coefficient of 3% was used for the sinusoidal 
5 3  
F i g .  2 7 .  
Mass  S t a t i o n s  and Con- 
n e c t i n g  E l e m e n t s  u s e d  
f o  r Compute r P ro g ram. 
5 4  
0 Computer Results - The mathematical model was sub- 
jected to nine g's sinusoidal vibration over the frequency 
range of 2 0  to 2000  Hz along each of the three mutually perpen- 
dicular axes, as shown in Fig. 27. The response of the lumped 
mass stations was calculated and 27 mode shapes were computed 
for the dual ion thruster assembly in the specified frequency 
range. The general mode descriptions, along with the natural 
frequencies are listed in Table 11. In addition, eight selected 
mode shapes are plotted in Figs. 2 8  through 40, shswing the 
deflections which occur at natural frequencies. 
Comparisons of the computer load output show good correla- 
tion between corresponding mass stations in each half of 
the thruster assembly. This indicates the gross simulation 
of the model assumed in the right half is a good representation 
when compared with the detailed left half. 
Table I11 shows the maximum acceleration response of 
the critical areas of the thruster assembly (i.e., cesium 
tank, ionizer subassembly, and accel electrodes). The maximum 
acceleration found was 214 g's at Stations 29 and 3 6 ,  resulting 
in an amplification factor of 2 3 . 8 .  Because of the low masses * 
involved, the deflections are small. 
The maximum acceleration response to a 3 5  g, 8 msec, one- 
hal€ sine wave shock input for critical areas is shown in 
Table IV. The maximum acceleration was also found at Stations 
29 and 36  (ionizer) and resulted in an amplification factor 
of 1 . 2 5  or 44 g's. Less consideration should be given to this 
response, because when compared with the sinusoidal response, 
the shock load is obviously much less severe. If the struc- 
ture can withstand the sinusoidal environment, the shock re- 
quirement evidently is satisfied. 
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Mode 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
11 
1 2  
1 3  
1 4  
1 5  
16  
1 7  
1 8  
1 9  
20 
21 
22  
2 3  
24 
25  
26 
2 7  
28 
T A B L E  I 1  
Natural Frequencies a n d  Modes 
F r e q u e n c y ,  
Hz 
203  
293  
344 
376 
383 
447 
483  
488 
51 8 
526 
532 
587 
611 
6 3 5  
6 52 
766 
799 
9 1 8  
9 59 
1070 
1104  
1411 
1535  
1551 
1557  
1 7 0 5  
1757  
2027 
Mode S h a p e  D e s c r i p t i o n  
Y t r a n s l a t i o n  o f  i o n i z e r  
R o t a t i o n  of i o n i z e r  a s s e m b l y  a b o u t  center  l i n e  
X t r a n s l a t i o n  o f  i o n i z e r  and  s u b - b a s e  
X t r a n s l a t i o n  o f  f e e d  v a l v e  
Z t r a n s l a t i o n  o f  e x i t  e l e c t r o d e  
Y t r a n s l a t i o n  o f  f e e d  v a l v e  
Y t r a n s l a t i o n  o f  c e s i u m  t a n k  
X t r a n s l a t i o n  o f  ces ium t a n k  
Y t r a n s l a t i o n  o f  ces ium t a n k  
Y t r a n s l a t i o n  o f  f e e d  v a l v e  
Y t r a n s l a t i o n  o f  e x i t  e l e c t r o d e  
X t r a n s l a t i o n  o f  c e s i u m  t a n k  
X,Y t r a n s l a t i o n  o f  e x i t  e l e c t r o d e  
Z t r a n s l a t i o n  o f  a c c e l  h a l f  
Z t r a n s l a t i o n  o f  a c c e l  h a l f  
X t r a n s l a t i o n  o f  e x i t  e l e c t r o d e  
Y t r a n s l a t i o n  o f  ces ium t a n k  
Z,Y t r a n s l a t i o n  o f  c e s i u m  t a n k  
X t r a n s l a t i o n  o f  i o n i z e r  s u b - b a s e  
Z t r a n s l a t i o n  o f  f o c u s  e l e c t r o d e  
Y t r a n s l a t i o n  o f  e x i t  e l e c t r o d e  
Z t r a n s l a t i o n  o f  a c c e l  
Z t r a n s l a t i o n  o f  ces ium t a n k  
Y t r a n s l a t i o n  o f  i o n i z e r  base 
Z t r a n s l a t i o n  o f  a c c e l  h a l f  
Z t r a n s l a t i o n  o f  e x i t  e l e c t r o d e  
Z t r a n s l a t i o n  o f  i o n i z e r  
Y t r a n s l a t i o n  o f  e x i t  e l e c t r o d e  
Z t r a n s l a t i o n  o f  i o n i z e r  
Z t r a n s l a t i o n  o f  a c c e l  
Z t r a n s l a t i o n  o f  a c c e l  
Y,Z t r a n s l a t i o n  o f  e x i t  e l e c t r o d e  
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T A B L E  I 1 1  
Mass 
S t a t i o n  
23  
24 
2 9 ,  36 
2 8  
50 
S e l e c t e d  A c c e l e r a t i o n  Response o f  C r i t i c a l  
Areas  on t h e  Ion  T h r u s t e r  Assembly 
Maximum A c c e l e r a t i o n s  ( G ' s )  
E x c i t a t i o n  D i r e c t i o n  
X A x i s  Y Axis Z Axis 
D e s c r i p t i o n  
Cesium Tank 137 135 99 
Cesium Tank 118 147 169  
I o n i z e r  21  4 185 138 
A c c e l e r a t o r  114 91  186  
A c c e l e r a t o r  116 75 225 
Des c r i  p t i  o n  Mass S t a t i o n  
2 9 ,  36 I o n i z e r  
28 A c c e l e r a t o r  
50 A c c e l e r a t o r  
55 Lumped A c c e l e r a t o r  
T A B L E  IV 
E x c i t a t i o n  D i r e c t i o n  
X Axis  Z Axis 
4 4  36 
37 39 
37 39 
37 41 
Response o f  a S e l e c t e d  Number o f  Mass P o i n t s  
To  t h e  Base -App l i ed  35 G ,  One-Half S i n e  Wave Shock 
Maximum A c c e l e r a t i o n s  ( G ' s )  
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0 Stress Analys is  - T h e  ou tpu t  l i s t i n g  of t h e  compu- 
t e r  program i n c l u d e s  t h e  a x i a l  l o a d ,  shear load ,  t w i s t i n g  
and bending moments a t  each end of  t h e  96  e lements  connect ing 
t h e  m a s s  s t a t i o n s .  These va lues  are computed f o r  a l l  three 
axes ,  r e s u l t i n g  i n  a t o t a l  of 3456 i n d i v i d u a l  stress va lues  
f o r  each frequency,  and a l s o  are summarized f o r  each element 
so  t h e  maximum loads  f o r  each element are determined e a s i l y .  
The maximum a x i a l ,  s h e a r ,  t o r s i o n a l ,  and bending stresses 
are computed by hand from l o a d  va lues  l i s t e d  i n  t h e  summar- 
ies  t o  determine c r i t i c a l  stress areas. Table V i s  a l i s t i n g  
of  t h e  computed stresses f o r  m o s t  subassemblies .  
A s  a r e s u l t  o f  t h i s  a n a l y t i c a l  s tudy  of t h e  v i b r a t i o n  
c h a r a c t e r i s t i c s  of t h e  t h r u s t e r  assembly and subsequent  stress 
a n a l y s i s ,  two minor des ign  changes w e r e  made. 
1. The t h r e a d  s i z e  of  t h e  m e t a l  cap which i s  
brazed t o  t h e  ceramic accel i n s u l a t o r  w a s  
i nc reased  from N o .  1 -72  t o  N o .  2-56 i n  o r d e r  
t o  i n c r e a s e  t h e  i n s u l a t o r  assembly 's  resis- 
t a n c e  t o  s h e a r  and bending loads. 
2 .  The angu la r  p o s i t i o n  of t h e  d iagonal  sup- 
p o r t  s t r a p s  which j o i n  t h e  i o n i z e r  base and 
sub-base w e r e  changed so they  have double  
width a t  a l l  a t tachment  p o i n t s .  The ' 
weight  o f  t h e  sub-base a l s o  w a s  reduced t o  
dec rease  bending moments. 
N o  a d d i t i o n a l  des ign  changes are a n t i c i p a t e d  as a r e s u l t  
of  t h e  v i b r a t i o n a l - s t r e s s  a n a l y s i s  o f  t h e  d u a l  beam i o n  
t h r u s t e r .  The s p e c i f i e d  s i n u s o i d a l  v i b r a t i o n  of  9 .0  g l s ,  
a l though o f  r e l a t i v e l y  h igh  magnitude, does n o t  appear 
t o  t h r e a t e n  t h e  s t r u c t u r a l  soundness of t h e  system. The 
system a l s o  responds w e l l  t o  shock l o a d s  w i t h  low ( 1 . 2 5 )  
t r a n s m i s s i b i l i t y  t o  component p a r t s .  A f t e r  t h e  v i b r a t i o n a l  
a n a l y s i s  w a s  completed and t h e  t h r u s t e r  tested,  a des ign  
change w a s  made i n  t h e  i n s u l a t o r s  which suppor t  t h e  accel 
e l e c t r o d e s ,  These i n s u l a t o r s  d i f f e r  from the o r i g i n a l  
ones and were n o t  used i n  t h e  v i b r a t i o n a l  a n a l y s i s .  
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E l e m e n t  
Cesium Tank 
Wick H o u s i n g  
Feed Tube 
Feed Sys tem 
S u p p o r t s  
A c c e l  I n s u l a t o r  
I o n i z e r  S u p p o r t  
S t r a p s  ( I n n e r )  
I o n i z e r  S u p p o r t  
S t r a p s  ( O u t e r )  
T h r u s t e r  S u p p o r t  
I n s u l a t o r s  
H o u s i n g  Assembly 
T A B L E  V 
Flaximum S t r e s s  Values 
Maxi  mum 
A x i  a1 
S t r e s s ,  p s i  
350 
390 
6,130 
2,270 
2,900 
27,070 
( 2,100) a 
14,660 
(7 ,330 )  
8,100 
500 
Max i  mum 
Shear  
S t r e s s ,  p s i  
560 
1,080 
82 5 
1,380 
13,800 
( 9 , 9 0 0 )  
11 ,700 
24,200 
(12 ,100)  
24,400 
1,280 
Maxi  mum 
T o r s i o n a l  
S t r e s s ,  p s i  
1 
1 
1 
22 , 700 
188,000 
(120,000)  
16,600 
170,000 
(69 ,800)  
930 
33,800 
Maxi  mum 
B e n d i n g  
S t r e s s ,  p s i  
170 
5,280 
4,750 
64,000 
136,000 
(83,000)  
80,000 
205,000 
(134,000 
16,900 
5,800 
aNurnbers i n  p a r e n t h e s e s  a r e  s t r e s s  v a l u e s  a f t e r  d e s i g n  m o d i f i c a t i o n .  
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S E C T I O N  I V  
N E U T R A L  I Z E  R D E V E L O P M E N T  
The o b j e c t i v e  of t h i s  t a s k  w a s  t h e  development o f  a 
f i l amen t  capable  of e m i t t i n g  20 mA o f  e l e c t r o n  c u r r e n t  p e r  
w a t t  of i n p u t  power f o r  a 1 5 , 0 0 0  hour p e r i o d .  When devel -  
oped, t h i s  f i l amen t  w a s  used a s  a n e u t r a l i z e r  i n  t h e  l i n e a r  
s t r i p  t h r u s t e r .  The work involved t h e  s e l e c t i o n  of t h e  
n e u t r a l i z e r  mater ia l ,  development of t h e  technique  f o r  proc- 
e s s i n g  t h e  f i l a m e n t ,  t e s t i n g  t o  determine t h e  o p e r a t i n g  
c o n d i t i o n s  which produce t h e  b e s t  e f f i c i e n c y  and o p e r a t i n g  
l i f e ,  and t h e  o p e r a t i o n . o f - a  f i l a m e n t  f o r  a l i f e  t e s t .  
Thor ia ted  tungs t en  w a s  selectea- as the f i l amen t  m a t e r i a l .  
T e s t s  were made t o  de te rmine  t h e  optimum c o n d i t i o n s  f o r  
c a r b u r i z a t i o n  of t h e  s u r f a c e .  F i laments  w e r e  t e s t e d  us ing  
a guarded c y l i n d r i c a l  d iode .  
r e n t  and t h e  s a t u r a t i o n  c u r r e n t  w e r e  measured f o r  f i l a m e n t  
temperatures  f r o m  1 8 0 0  t o  2400'K. Filaments  w e r e  developed 
t h a t  produced -emission c u r r e n t s  of  about  4 0  mA/W of i n p u t  
power and opera ted  m o r e  th.an 2000  hours  wi th  no s i g n  of  
deg rada t ion .  
T h e  space  charge  l i m i t e d  cur-  
A. FILAMENT MATERIAL SELECTION 
The choice  of mater ia ls  f o r  u s e  i n  t h i s  a p p l i c a t i o n ,  
w a s  l i m i t e d  by t h e  emission e f f i c i e n c y  and geometr ica l  re- 
quirements  and have been placed on t h e  f i l amen t .  The h igh  
emission e f f i c i e n c y  n e c e s s i t a t e s  t h e  use  o f  a low work func- 
t i o n  e m i t t e r .  
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Dispenser cathodes and impregnated cathodes have the 
highest emission efficiencies and also have long operating 
lifetimes. They were not used in this application because 
of their button-shaped geometry. Although these cathodes 
are not suitable for use as filament type neutralizers, 
which are used in the present design, the dispenser cathodes 
should be considered if future designs permit a button-shaped 
neutralizer. 
Oxide coated filament cathodes have high emission efficien- 
cy. They have been ruled out for this study because the 
oxide coating on the filament is both fragile and of limited 
life. It is possible the coating could be sloughed off 
during vibration tests. 
This material is formed by the addition of about 1/2 to 
2% thoria to a tungsten slurry which is then reduced to 
tungsten metal. The thoria. is distributed uniformly through- 
out the tungsten powder which is then formed into wire. 
The thoria is converted to thorium metal by a brief (15 
to 30 sec) heating to temperatures as high as 2 5 0 O O K .  When 
the filament is operated at lower temperatures (1800 to 
2000°K), the thoria diffuses to the surface to form a low 
work function surface. The lifetime of the filament is 
limited by the gradual loss of thorium by evaporation from 
the surface. 
The material selected was thoria impregnated tungsten. 
The lifetime of the thoriated tungsten filament can 
be extended by a factor of six by forming a carbide layer 
(W2C) over the surface of the cathode. 
to reduce the loss of the thorium. Because tungsten carbide 
is much more brittle than tungsten, the extent of carburi- 
zation of the filament must be limited in order not to 
weaken the filament. The extent of carburization of the 
filaments was established from previous studies which were 
reported in the literature. 
The carbide serves 
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In order to estimate the lifetime, it is necessary 
to specify the filament diameter, which is set by the power 
limitation of the neutralizer supply. Because the conduction 
losses are negligible for a long filament of small diameter, 
it is possible to assume that all power is lost as radiation. 
Thus, by means of the Stefan-Boltzmann equation, it is possible 
to calculate the diameter of a carburized thoriated tungsten 
filament of given length, temperature, and radiated power. 
For example, a 7 cm long, 5 x LOm3 cm ( 2  mil) diameter carbur- 
ized filament, operating at 1900°K, radiates 2.5 W of power. 
Because of the over-all power limitations, the filament 
wire was limited to a 5 x cm diameter. Smaller diameter 
wire was not used because the extent of carburization needed 
for the smaller wire could result in a significant loss 
of strength. 
on the values reported by Ayers. l3 He presents a graph 
of the carbide loss rate (as an equivalent thickness of 
W2C shell l o s t  per hour) as a function of emission efficiency. 
There are three points given: 70 mA/W at 1950°K, 1 0 0  mA/W 
at 2000°K,  and 130 mA/W at 2050OK. Extrapolating this to 
2 0  mA/W gives an equivalent loss  rate of 5 x mils/hour. 
Thus, for 15,000 hours operating time, the equivalent loss  
is 0.19 pm. This carbide thickness corresponds to 1.4% 
of a 52.4 pm diameter wire. 
Estimation of the extent of carburization was based 
For a 50 mA/W emission efficiency, the equivalent loss 
rate is 1 . 3  x mils/hour which correspond to an equivalent 
loss of 5 pm over 15,000 hours. This represents a 35% carburi- 
zation of a 52.4 pm wire. This value represents an upper 
limit for the carbide thickness of the filament processing 
used in this study. Values in the range of 15 to 25% were 
used for filaments developed in this program. 
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B. CARBURIZATION PROCESS 
The optimum conditions for carburization of the thoriated 
tungsten filaments were established in a series of tests 
performed in the first part of this program. The general 
conditions were based on the works of Schneiderl' and 
Horsting15; Schneider found the optimum conditions to process 
the filaments were in an atmosphere of hydrogen, containing 
from 0.18 g to 0.45 g of benzene per 10 R (STP) of hydrogen, 
and at a filament temperature below 2200OK. 
Processing the filaments at temperatures above 2200°K 
resulted in the formation of WC and ThC2. 
ble because it is solid (rather than laminated as is the 
W2C), and thus restricts the diffusion of thorium metal to 
the surface of the filament. The ThC2 compound is much 
more stable than the Tho2, and therefore, is not easily 
reduced by flash heating (as is Tho2) This results in 
a decrease in the amount of available thorium. A lower 
limit exists at about 1800°K, as a consequence of the limited 
diffusion of the carbon (or tungsten carbide) into the wire. 
The WC is undesira- 
According to Schneider, the benzene concentration was 
important, because processing at lower concentrations failed 
to produce carburization, and processing at higher levels 
caused the formation of WC and free carbon on the surface. 
Both are unfavorable to the operation of the cathode. 
A significant change was made in the design of the 
apparatus. Schneider "controlled" the benzene concentration 
by adjusting the height of a tube above a benzene surface 
and by regulating the flow of hydrogen gas over the benzene 
surface. It is impossible to define the benzene concentra- 
tion by this method. 
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I n  t h e  p r e s e n t  work, a stream of hydrogen gas  (of known 
f l o w  ra te)  i s  bubbled through benzene t o  s a t u r a t e  t h e  nydrogen. 
The p a r t i a l  p r e s s u r e  of  benzene i s  c o n t r o l l e d  by t h e  benzene 
tempera ture .  Thus, t h e  mole f r a c t i o n  of benzene i n  hydrogen 
i s  f i x e d .  The benzene c o n c e n t r a t i o n  i s  reduced t o  t h e  d e s i r e d  
l e v e l  by d i l u t i n g  t h e  s a t u r a t e d  stream w i t h  a stream of pure  
hydrogen. T h i s  system i s  shown i n  schematic form i n  
Fig. 3 6 .  
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The r e a c t i o n  chamber i s  formed f r o m  a 6 i n .  d iameter  
T-shaped Pyrex g l a s s  p i p e .  The o p t i c a l  window i s  a f l a t  
p l a t e  Pyrex g l a s s .  The d i f f u s e r  i s  a c y l i n d e r  t ype  ( 1 2  
mm d i ame te r )  c o a r s e  p o r o s i t y  f r i t t e d  Pyrex gas  d i s p e r s i o n  
tube .  The "bubbler"  i s  a g a s  a b s o r p t i o n  c y l i n d e r  having 
a c o a r s e  p o r o s i t y  f r i t t e d  d i s k .  The f l o w m e t e r s  are 1 5 0  
mm t u b e  types  w i t h  Pyrex and s t a i n l e s s  s teel  f l o a t s .  F igu re  
37  shows t h e  e lec t r ica l  c i r c u i t  f o r  h e a t i n g  t h e  f i l a m e n t s .  
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P r o c e s s i n g  S y s t e m .  
The c a r b u r i z a t i o n  p rocess  c o n s i s t s  of t h e  fo l lowing  
o p e r a t i o n s .  Four f i l a m e n t  assemblies (wi th  lead w i r e s  a t t a c h e d )  
a r e  mounted on a r o t a t i n g  p o s t  which i s  p o s i t i o n e d  i n s i d e  
t h e  r e a c t i o n  chamber o p p o s i t e  t h e  o p t i c a l  p o r t .  A f low 
of  n i t r o g e n  gas i s  maintained a t  a l l  t i m e s  when t h e  system 
i s  t u r n e d  o f f  t o  p reven t  t h e  d i f f u s i o n  of a i r  o r  water vapor 
i n t o  t h e  r e a c t i o n  chamber. T h e  chamber i s  t h e n  purged w i t h  
hydrogen gas  f o r  about  one hour .  T h e  c o l d  r e s i s t a n c e  of 
t h e  f i l a m e n t s  i s  measured. The f i l a m e n t s  are hea ted  a t  
a tempera ture  of about  2 0 3 0  k 50°K t o  s t a b i l i z e  t h e  f i l a m e n t .  
The h e a t i n g  t i m e  (on t h e  o r d e r  of 1 5  k 5 sec) i s  se t  by t h e  
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point at which the filament current becomes constant. During 
this process, the filament temperature is measured with 
a disappearing filament pyrometer. The system is allowed 
to come to equilibrium at room temperature and the cold 
resistance of the filament is again measured. 
Benzene vapor is now introduced into the system in 
a concentration of 0.5 mole percent (which is equal to 0.18 
g benzene/lO R (STP) H z ) .  
this to be an optimum concentration. The benzene concentra- 
tion is set by the temperature of the benzene liquid in 
the bubbler (which establishes the vapor pressure), and 
by adjustment of the ratio of the flow rate of benzene- 
saturated hydrogen to pure hydrogen. A minimum flow of 
about 2 R (STP)/min is used to prevent erosion of the filament. 
When lower flow rates were used, erosion was observed near 
the ends of the filaments. 
Preliminary experiments showed 
The carburization is accomplished by heating the filament 
to a temperature of 2030 ? 50°K in the benzene-hydrogen 
atmosphere until about 35% of the wire is converted to W2C. 
The process requires about 20 to 25 sec. The end point 
is set by an increase in the resistance to 1.22 of the original 
value. 
confirmed by observations in this program. The temperature 
was measured with an optical pyrometer. 
This value was obtained from Cailey'sl' work and was 
When the processing was completed, the benzene vapor 
source was shut off and the system was flushed with pure 
hydrogen. After measuring the cold resistance, the system 
was filled with nitrogen until the next set of filaments 
were processed. 
The fi.laments were removed, taken out of the assemblies, 
sealed into thick walled uranium glass capillary tubing, tnen 
mounted and prepared for photomicrographic examination. 
A representative example is shown in Figs. 38(a), (b), and 
(c). These examples are sections of filament 102 LD taken 
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approximately 2 cm below center, at center, and at about 
2 cm above center. The carbide shell is about 18% of the 
total wire. 
C. FILAMENT ACTIVATION AND EMISSION TESTS 
A procedure for activation of the carburized thoriated 
tungsten filaments was developed, based on the method de- 
scribed by Schneider. This work was performed as part 
of the thermionic emission studies. The test data in these 
studies included cold resistance of the filaments, heating 
power, filament temperature, diode voltage and emission 
current, pressure in the test chamber, and cathode to anode 
distance. In this section, diode design and vacuum facility 
will be discussed first, then measurement of the filament 
temperature, resistance, and I-V characteristics, followed 
by a summary of the results. 
Two types of diode assemblies were designed. One was 
a guarded cylindrical diode (shown in Fig. 39), which was 
used to determine the thermionic emission properties of 
the carburized thoriated tungsten. A planar diode (shown 
in Fig. 4 0 )  was used to simulate the operation of the neutrali- 
zer filament on the ion thruster. Both units used the fila- 
ment mounting structure which had been approved for use 
in the thruster. 
The cylindrical diode assembly consists of a 4.65 cm 
long center collector and two, 1.07  cm long guard electrodes. 
The inside diameter of the anodes is 1.01 cm. The planar 
diode has a 4.65 cm long anode. The anode-to-cathode dis- 
tance is 0.477 cm. The anode simulates a 0.315 cm thick 
by 4.65 cm long ion beam. The cathode is located 0.158 
cm from the ground plane electrode, which simulates the 
decelerator electrode used in the ion thruster. 
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An estimate of the end effects due to the filament 
supports, was made to demonstrate that the filament tempera- 
ture over the central portion of the filament was uniform. 
This was based on Langmuir's work.17 For a total length 
of 7.36 cm, the central 5.76 cm is uniform in temperature 
to 1% (i.e., the temperature at the end of this distance 
is 99% of the center). The central 6.34  cm has an edge-to- 
center temperature ratio of 9 5 % .  
A small vacuum station was used,to test the neutralizer 
emission. This all-metal system was designed for UHV opera- 
tion in order to prevent the contamination or poisioning 
of the emitter surfaces by oil or water vapor. The system, 
which is shown in Fig. 41 in outline form, consists of the 
following components. The test chamber is a 6 in. diameter 
T-section with six test ports. The fore pumps used are 
a gas aspirator pump and a zeolite sorption pump. The high 
vacuum pumps consist of a 250  R sec-' triode sputter ion 
pump and a 1 6 0 0  R sec-l titanium sublimation pump. 
six ports are used as follows: two are optical ports for 
optical pyrometric measurement of the neutralizer's temper- 
ature; one port contains a 2 0  pin header, which is used 
for power and signal leads for the four diodes that are 
tested each run; another two ports are used for vacuum diag- 
nosis (one for a nude ion gauge tube and the other f o r  a 
quadrupole mass spectrometer tube); and the last port is 
used for the fire line. 
The 
The temperature of the filaments was obtained by means 
of a disappearing filament brightness pyrometer. Corrections 
for the emissivity of the surface, absorption in the glass 
port, and reflection at the surface of the window, were 
made to obtain the absolute temperature. The values for 
the tungsten emissivity used in this study were those of 
Roeser and Wensel. l8 In a more recent work, Larabee'' presents 
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values that are substantially the same in the temperature 
range of interest. The emissivity values used with the 
carburized filaments, were those reported by Barnes. 2o  
window corrections were measured in the laboratory by comparing 
the apparent temperature of a lamp with and without the 
window in the light path. Corrections for reflective losses, 
which occur when measurements are made at an angle to the 
normal to the window, were obtained from Benford's paper. 
The 
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The cold resistance of the filaments was measured using 
a Wheatstone bridge circuit with a galvanometer null detec- 
tor. It was necessary to modify the circuit to limit the 
current flow through the filament to 3 mA, because larger 
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currents would cause appreciable heating of the filament when 
the measurements were made on a filament that was under 
vacuum. The reproducibility of the measurements, whicu is 
mainly limited by variations in the lead wire junctions, 
4 is better than 1 part in 10 . 
The emission current/diode bias relationship was determined 
by means of the circuit shown in Fig. 42. The filament 
power is obtained from IF and EF. The cathode to anode 
bias is EB. 
guard current T equals the total emission current I ~ .  
The sum of the collector current IC and the 
G 
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The development of the activation procedure consisted 
of the following steps. The filament diode assemblies were 
mounted in the vacuum chamber. (A typical assembly is shown 
in Fig. 43.) The system was evacuated to a pressure of 
about 5 x lo-' Torr. 
a time. The power was gradually increased so that the fila- 
ment was heated in about 50'K increments. Evidence of thermi- 
onic emission was first observed at a temperature of about 
1650 to 1700'K. When the filament temperature reached the 
1750 to 1800OK range, the emission gradually increased as 
a function of time, indicating the activation had begun 
at this temperature level. Complete activation was achieved 
by brief flashing (15 to 30 sec) at temperatures between 
2200 and 2400'K. Flash heating to 2600'K was attempted and 
found to produce no change from the 2200 to 2400'K flashing. 
The lower temperature activation is recommended because 
of the possibility of damage to the cathode as a result of 
the l o s s  of thorium metal due to evaporation. At about 
2500°K, the loss of thorium becomes significant. Conse- 
quently, operation at this point could cause a premature 
depletion of the thorium metal, thus limiting the cathode 
life. 
The filaments were processed one at 
All filaments exhibited a unique behavior in the first 
heat cycle. As the filaments were heated above 1750°K, 
the apparent temperature increased while the input power 
remained constant. Subsequent temperature cycles were all 
on this new power-versus-temperature curve. This irreversi- 
ble change is shown in Fig. 44. 
change in emissivity, which he ascribed to the presence 
of surface roughness resulting from carburization of the 
filament . 
Barnes2' noted a similar 
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Another poss ib l e  cause f o r  t h i s  change i n  emis s iv i ty  i s  
t h e  presence of a t h i n  carbon depos i t  on t h e  su r face .  
t h e  end of t h e  ca rbur i za t ion  process ,  when t h e  f i lament  
h e a t e r  power i s  turned o f f ,  t h e  temperature decreases  t o  
below Q~1800OK, where t h e  d i f f u s i o n  of carbon i s  very slow 
b u t  t h e  py ro lys i s  of t h e  benzene cont inues t o  a lower tempera- 
t u r e .  When t h e  f i lament  i s  heated t o  a c t i v a t e  it, t h e  carbon 
f i l m  i s  d i f fused  i n t o  t h e  f i l amen t ,  where it reacts t o  form 
t h e  carb ide .  This causes a change i n  t h e  su r face  emis s iv i ty .  
Figure 4 5  shows t h e  t y p i c a l  I -V  c h a r a c t e r i s t i c s  of 
a f i lament .  The cathode emission and t h e  diode vol tage  
could n o t  be s a f e l y  increased above t h e s e  values  because 2 5  W 
of power being used caused t h e  anode t o  be heated t o  about 
1000OK. A t y p i c a l  graph of t h e  temperature dependence of 
t h e  thermionic emission i s  shown i n  Fig.  4 6 .  The a c t i v a t e d  
f i laments  exh ib i t ed  work func t ions  of 3 . 2  ?I 0 . 1  e V .  The 
f i laments  produced emission c u r r e n t s  of 20 mA/W of i npu t  
power a t  temperatures of  about 1800  t o  1850OK. 
r e s u l t e d  i n  a reduced emission. P r i o r  t o  t h e  high temperature 
ope ra t ion  t h e  f i lament  had a 3.15 e V  work func t ion  a t  approxi- 
1900OK. After  t h e  2510OK opera t ion ,  t h e  work func t ion  increased 
A t  
Operation of f i lament  1 0 3  LC a t  2510OK f o r  three hours 
t o  3.30 e V .  Af te r  s e v e r a l  days of opera t ion ,  t h e  emission 
t o  r e a c t i v a t e  t h e  su r face .  
'became uns tab le  and decreased,  even though at tempts  were made 
T e s t s  w e r e  performed us ing  t h e  p lanar  diode assemblies.  
The most s i g n i f i c a n t  po in t  w a s  t h e  i n f e r i o r  coupling between 
t h e  cathode and anode. The perveance of t h i s  assembly is  
about 6 %  of t he  c y l i n d r i c a l  diode. This i s  seen by comparing 
t h e  perveance p l o t  f o r  t h e  p l ana r  diode (Fig.  4 7 ) ,  w i t h  
t h a t  of t h e  c y l i n d r i c a l  diode (Fig.  4 5 ) .  I n  a l l  o t h e r  r e s p e c t s ,  
t h e  f i lament  opera t ion  w a s  s i m i l a r  t o  t h e  c y l i n d r i c a l  diode 
case. 
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D .  L I F E  TEST 
A l i f e  t e s t  was planned t o  t e s t  t h e  s t a b i l i t y  of t h e  
ca rbur i zed  t h o r i a t e d  t u n g s t e n  f i l a m e n t s .  A 5 0 0  hour t es t  
w a s  c a l l e d  f o r  i n  t h e  c o n t r a c t ;  however, t h i s  t e s t  r a n  f o r  
n e a r l y  2 4 0 0  hours  and w a s  t e rmina ted  a t  t h e  end of t n e  con- 
t r ac t  pe r iod .  The r e s u l t s  are  summarized i n  Table  V I .  Tne 
cathode emission e f f i c i e n c y  g r a d u a l l y  inc reased  over tnis 
pe r iod .  Th i s  char.ge may b e  a s s o c i a t e d  w i t h  t h e  g radua l  
improvement i n  t h e  vacuum c o n d i t i o n s  du r ing  t h e  cour se  of 
t h e  tes t .  The change may be  due t o  a s l i g h t  v a r i a t i o n  i n  
tempera ture  a s s o c i a t e d  w i t h  a s u r f a c e  change. A l s o  t h e  
amount of  thorium on t h e  s u r f a c e  may have changed g radua l ly .  
The m o s t  s i g n i f i c a n t  r e s u l t  w a s  t h e  obse rva t ion  t h a t  
bo th  f i l a m e n t s  were capable  of  producing m o r e  t han  4 0  mA/W 
fo r  p e r i o d s  greater than  2 0 0 0  hours .  
Before t h e  l i f e  t e s t  w a s  completed,  t h e  d u a l  beam t h r u s -  
ter  system was d e l i v e r e d  t o  NASA L e w i s  Research Center .  
The f i l a m e n t s  d e l i v e r e d  w i t h  t h i s  t h r u s t e r  w e r e  processed 
i n  t h e  s a m e  way as t h o s e  prepared  f o r  t h e  n e u t r a l i z e r  l i f e  
t e s t .  
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T H R U S T E R  T E S T  R E S U L T S  A T  H U G H E S  R E S E A R C H  L A B O R A T O R I E S  
The t e s t i n g  performed f o r  t h i s  program w a s  accomplished 
i n  a 4 f t  d iameter  by 1 0  f t  long  vacuum chamber. T h i s  chamber 
has been used on ly  t o  t e s t  cesium ion  t h r u s t e r s  and i s  pumped 
w i t h  a l a r g e  o i l  d i f f u s i o n  pump and a l i q u i d  n i t r o g e n  cryo-  
l i n e r .  The chamber i s  capable  of producing p r e s s u r e s  on 
t h e  l o M 7  Torr  scale.  
The f i r s t  phase of t h e  t e s t  p l an  w a s  t o  o b t a i n  n e u t r a l  
f r a c t i o n  d a t a ,  perveance measurements, and c r i t i c a l  tempera- 
t u r e s .  The t h r u s t e r  w a s  mounted w i t h  two n e u t r a l  d e t e c t o r s  
which w e r e  s i m i l a r  t o  t h e  one desc r ibed  i n  Ref. 2 2 .  F igu re  48  
i s  a photograph of t h e  n e u t r a l  detectors and t h e  t h r u s t e r .  
The f r o n t  of t h e  t h r u s t e r  can b e  seen i n  t h e  c e n t e r  of t h e  
ground s h i e l d  and suppor t  p l a t e .  One n e u t r a l  d e t e c t o r  w a s  
a l i gned  so t h a t  it viewed the c e n t r a l  p o s i t i o n  of  s t r i p  
1 on t h e  i o n i z e r  a x i s .  The second d e t e c t o r  w a s  a l i gned  
so it viewed a c e n t r a l  p o r t i o n  of  S t r i p  2 s l i g h t l y  o f f  a x i s .  
The purpose of t h e  o f f - a x i s  measurement w a s  t o  e v a l u a t e  
t h e  e f f e c t  of t h e  v o l t a g e  g r a d i e n t s  formed by t h e  d e f l e c t i o n  
vo l t ages .  The beam of S t r i p  1 when d e f l e c t e d ,  does n o t  
i n t e r s e c t  t h e  beam of t h e  or thogonal  s t r i p ,  des igna ted  S t r i p  2 .  
vacuum chamber and t h e  p r e s s u r e  i n  t h e  chamber w a s  1 0 m 7 T o r r ,  
t h e  feed systems w e r e  vented by t u r n i n g  on t h e  v e n t  va lve  
power s u p p l i e s  and manually keeping t h e  c u r r e n t  l e v e l  a t  
2 A.  The p r e s s u r e  r ise ,  caused by t h e  gas  escaping from 
t h e  system, w a s  r e a d i l y  observed on t h e  p r e s s u r e  monitor- 
i n g  system of t h e  vacuum chamber. These p re s su res  are shown 
as a func t ion  of t i m e  i n  F ig .  4 9 .  I t  can be  seen t h a t  
t h e  p r e s s u r e  changed from the l o w  l o v 7  Torr  range ,  
A f t e r  t h e  t h r u s t e r  and d e t e c t o r s  w e r e  p laced i n  t h e  
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t o  t h e  low Torr range, and back t o  t h e  low Torr 
range during t h e  1 0  min vent ing cyc le .  Throughout t h e  t es t  
phase, i o n i z e r  power versus  i o n i z e r  temperature curves were 
reccrded.  Typical r e s u l t s  shown i n  Fig.  5 0 ,  w e r e  obtained 
wi th  an o p t i c a l  pyrometer loca ted  a t  t h e  end of t h e  chamber. 
These r e s u l t s  have been co r rec t ed  f o r  emis s iv i ty  of t h e  
porous tungsten and loss i n  t h e  window and show t h e  s t r i p  
temperatures are nea r ly  t h e  same f o r  equal  power levels.  
S t r i p  1 w a s  used f i r s t  t o  o b t a i n  an ion  beam. A beam w a s  
obtained approximately t e n  minutes a f t e r  t h e  vaporizer  was 
turned on. The con t ro l  loop regula ted  t h e  beam without  
any d i f f i c u l t i e s .  Four t h r u s t  l eve l s  were obtained,  as 
shown i n  Table V I I .  The d a t a  were taken  over a 3-1/2 nour 
per iod.  The i o n i z e r  temperature was operated much higher  
than necessary because t h e  condi t ion  of t h e  i o n i z e r  was 
unknown. For t h i s  reason 1 2 5  W w a s  used f o r  t h e  f u l l  t h r u s t  
ion beam. 
A f t e r  t h e  f u l l  t h r u s t  l eve l  had been reached and appeared 
t o  be  s t a b l e ,  an at tempt  was made t o  take a perveance curve. 
Unfortunately,  t h e  excess cesium vapor c rea t ed  by these 
measurements, caused excessive leakage c u r r e n t s  and t h e  
t e s t  was terminated. During these tests,  a rc ing  w a s  observed 
i n  t h e  v i c i n i t y  of t h e  l eads  going from t h e  t h r u s t e r  e lectr ical  
te rmina ls  t o  t h e  a c c e l e r a t i n g  electrodes. These Kapton 
covered l eads  were replaced w i t h  bare w i r e  l e ads  and t h e  
a r c i n g  disappeared i n  subsequent tests.  
r e s u l t s ,  comparable t o  S t r i p  1 r e s u l t s ,  are shown i n  Table 
V I I I .  
S t r i p  2 was operated a t  t h e  four  t h r u s t  l e v e l s .  T h e  
Neutral  f r a c t i o n  d a t a  w e r e  obtained f o r  var ious c u r r e n t  
d e n s i t i e s  f o r  S t r i p  1 and S t r i p  2 and are shown i n  F ig .  
i 
51. S t r i p  2 has a lower n e u t r a l  f l u x  and it i s  n o t  as "cleanti' 
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T A B L E  VI1  
S t r i p  1 I n i t i a l  T e s t  
Beam V o l t a g e  
Beam C u r r e n t  
Accel V o l t a g e  
Accel Current 
I o n i z e r  T e m p e r a t u r e  
I o n i z e r  Power 
V a p o r i z e r  Power 
Vent Power 
Beam Power 
~ Accel Power 1 T o t a l  Power 
1 . 6 7  k V  
5 m A  
- 5  k V  
0 . 0 4  m A  
1443°K 
54 w 
4 . 9 7  w 
2 . 4 5  w 
8 . 3 9  W 
0 . 2  w 
70 W 
1 . 6 7  k V  
10 m A  
-5  k V  
0 . 0 2  m A  
1443°K 
54 w 
6 . 2 7  W 
2 . 4 5  w 
1 6 . 7  W 
0 . 1  w 
80 W 
1 . 6 7  kV 
1 4 . 7  mA 
- 5  k V  
0 .22  m A  
1558°K 
7 3 . 8  W 
7 . 9  w 
2 . 4 5  w 
2 4 . 5  W 
1 . 1  w 
110 w 
1 . 6 7  k V  
1 9 . 7  mA 
- 5 . 5  kV 
0 . 3 8  m A  
1598°K 
8 0 . 7  W 
6 . 5 2  W 
2 . 4 5  w 
3 2 . 9  W 
1 . 9  w 
125 W 
T A B L E  VI11 
S t r i p  2 I n i t i a l  T e s t  
Beam V o l t a g e  
Beam C u r r e n t  
Accel V o l t a g e  
Accel C u r r e n t  
I o n i z e r  T e m p e r a t u r e  
I o n i z e r  Power 
V a p o r i z e r  Power 
Vent Power 
Beam Power 
Accel Power 
T o t a l  Power 
1 . 6 7  k V  
5 m A  
- 5 . 5  k V  
0 . 1 2  m A  
1595OK 
73 .70  W 
8 . 3 9  W 
2 . 7 8  W 
8 . 3 4  W 
0 . 6 6  W 
94  w 
1 . 6 7  kV 
10 m A  
- 5 . 5  kV 
0 . 1 5  m A  
1595OK 
73 .70  W 
9 . 0 5  W 
2 . 7 8  W 
1 6 . 7 0  W 
0 . 8 3  W 
103 W 
1 . 6 7  kV 
1 5  m A  
- 5 . 5  k V  
0 . 6 5  mA 
1595°K 
73 .70  W 
9 . 5 0  W 
2 . 7 8  W 
25 .00  W 
3 . 5 8  W 
115 W 
1 . 6 7  kV 
20 m A  
- 5 . 5  kV 
1 . 1 5  mA 
1595°K 
73 .70  w 
9 . 3 5  w 
2 . 7 8  W 
33 .40  W 
6 . 3 2  W 
126 W 
T197 
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as S t r i p  2 .  These curves  were n o t  taken  a t  t h e  s a m e  t i m e ,  
t hus  t h e  h i s t o r y  of o p e r a t i n g  t i m e s  f o r  each s t r i p  are d i f f e r -  
e n t .  These r e s u l t s  i n d i c a t e  t h a t  t h e  c r i t i c a l  tempera ture  
of each s t r i p  a l so  should b e  d i f f e r e n t .  F igure  52 i l l u s -  
t r a t e s  t h i s  d i f f e r e n c e .  The c r i t i ca l  tempera ture  f o r  S t r i p  
2 w a s  1325OK, and 1 4 4 0 O K  f o r  S t r i p  1, aga in  showing t h a t  
S t r i p  1 was n o t  as c l e a n  as S t r i p  2 .  There i s  no d a t a  p o i n t  
shown f o r  S t r i p  1 below 1459'K, because a t  1425OK t h e  n e u t r a l  
f l u x  inc reased  so  qu ick ly  t h a t  t h e  measurement had no meaning, 
other than  t h e  n e u t r a l  f l u x  w a s  q u i t e  high. 
Neu t ra l  f r a c t i o n  d a t a  a l s o  were taken  f o r  a d e f l e c t e d  
25 mA beam on S t r i p  2 .  The d e f l e c t i o n  v o l t a g e  across t h e  
accel e l e c t r o d e s  w a s  t 7 0 0  V. I t  w a s  be l i eved  t h i s  would g i v e  
a beam d e f l e c t i o n  of + 2 0 ° .  The n e u t r a l  f r a c t i o n  w a s  1.15% 
and 1.31% fo r  t h e  r e s p e c t i v e  d e f l e c t i o n s .  Although t h e r e  
i s  a s l i g h t  d i f f e r e n c e ,  it i s  q u i t e  s m a l l .  T h e  e f f e c t  would 
have been more pronounced i f  t h e  n e u t r a l  d e t e c t o r  viewed 
t h e  edge of  t h e  i o n i z e r ,  b u t  t h e  mount f o r  t h e  d e t e c t o r  
d i d  n o t  allow t h i s  freedom of movement. 
One of t h e  problems encountered i n  t h e s e  ear l ier  tests 
w a s  t h e  dependence of  t h e  accel c u r r e n t s  upon n e u t r a l  f l u x .  
For t h i s  r eason ,  t h e  n e u t r a l  d e t e c t o r s  were used t o  deter- 
mine t h e  c r i t i c a l  tempera tures  and t h e  knee o f  t h e  perveance 
curves .  The d e t e c t o r s  provided a more s e n s i t i v e  measure- 
ment t h a n  t h e  convent iona l  method of  measuring t h e  beam 
c u r r e n t .  The knee o f  t h e  perveance curves  w e r e  found f o r  
t h e  t w o  s t r i p s  and are shown i n  F ig .  5 3 .  This data shows 
t h a t  f o r  a 5 mA beam, t h e  t o t a l  a c c e l e r a t i n g  voltage should 
b e  above 3.5 kV t o  minimize t h e  n e u t r a l < f l u x .  
perveance curve  t aken  on S t r i p  1 i s  shown i n  F ig .  54; it 
shows t h a t  t h e  break  i s  n o t  s h a r p  between t h e  flow l i m i t e d  
and space  charge l i m i t e d  case. The t w o  20  mA p o i n t s  shown 
A convent iona l  
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i n  Fig.  5 4  were t aken  a t  2 0  mA j u s t  b e f o r e  t h e  accel v o l t a g e  
was dropped, and t h e  accel c u r r e n t  became t o o  l a r g e  t o  con t inue  
t h e  curve.  
A t  t h e  end of  t h e s e  measurements it w a s  decided t o  
change t h e  des ign  of t h e  i n s u l a t o r s  t h a t  supported t h e  accel 
e l e c t r o d e .  The i n s u l a t o r  w a s  changed f r o m  a c y l i n d r i c a l  
shape t o  a mushroom shape ,  The mushroom des ign  w a s  used 
t o  provide  a l a r g e r  i n s u l a t o r  s u r f a c e  between t h e  accel 
and e x i t  e l e c t r o d e .  A f t e r  t h i s  change w a s  completed, t h e  
d e f l e c t i o n  measurements w e r e  made. 
Two scanners  w e r e  used f o r  t h e  d e f l e c t i o n  experiments.  
The scanne r s  were swung a long  an arc of a c i rc le ,  whose 
c e n t e r  w a s  on t h e  a x i s  of  t h e  i o n i z e r ,  as shown i n  F ig .  
55. The scanners  were Faraday type  c o l l e c t o r s  w i t h  a s l i t  
0 . 0 2 0  i n .  wide and 1 2  i n .  long.  F igure  5 6  shows the  scanners  
w i t h  t h e  t h r u s t e r  mounted on an endp la t e .  The scanner  f o r  
S t r i p  1 i s  moved aside and t h e  scanner  f o r  S t r i p  2 i s  d i r e c t l y  
o p p o s i t e  S t r i p  2 .  Most of  t h e  d a t a  w e r e  t aken  w i t h  t h e  
scanners  1 2  i n .  from t h e  i o n i z e r s .  One group of  scans  w a s  
t aken  a t  a d i s t a n c e  1 8  i n .  f r o m  t h e  i o n i z e r ;  t h e  r e s u l t s  
were i d e n t i c a l  t o  t h e  1 2  i n .  scan .  
A t y p i c a l  s can  i s  shown i n  F ig .  57. The data shown 
i s  from an x-y r eco rde r .  The col lector  i n t e n s i t y  i s  shown 
a long  t h e  y-ax is ,  and t h e  p o s i t i o n  of  t h e  d e t e c t o r  i s  shown 
a long  t h e  x-axis. The c o l l e c t o r  swings 1 4 0 '  fo r  each trace 
and i s  d r i v e n  by a 1 rpm e lec t r ic  ro tor .  The f i r s t  trace 
taken  is f o r  t h e  unde f l ec t ed  beam ( i . e . ,  -5 kV on each d e f l e c -  
t i o n  e l e c t r o d e ) ,  and i s  des igna ted  by 2 6 V  = 0 i n  Fig .  57. 
The second t race  i s  d i sp layed  one-half i nches  a long  t h e  y- 
a x i s  f o r  c l a r i t y  and i s  f o r  a measured 2 6 V  = 4 0 0  V a c r o s s  
t h e  d e f l e c t i o n  e l e c t r o d e s ,  i . e . ,  -5.2 k V  on one d e f l e c t i n g  
e l e c t r o d e  and -4.8 kV on t h e  o t h e r  e l e c t r o d e .  The 2SV i s  
7 00 
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1 0 3  
increased  i n  400 V s t e p s  t o  1200 V, and then reversed  s o .  
t he  beam i s  d e f l e c t e d  i n  t h e  oppos i t e  d i r e c t i o n .  T h e  minus 
s i g n  on t h e  26V means t h e  beam i s  d e f l e c t e d  toward e l e c t r o d e  
X T h e  
angular  d e f l e c t i o n  of t h e  beam c a l c u l a t e d  i s  an  average 
and i s  measured w i t h  r e s p e c t  t o  t h e  undeflected b e a m .  T h e  
angular  d e f l e c t i o n  f o r  S t r i p  1 i s  shown i n  Fig.  59 .  Most 
of t h e  data  w e r e  taken w i t h  a 12 i n .  scanning d i s t a n c e .  
One set of data w a s  taken w i t h  an 18 i n .  scan f o r  a 4 . 5  
mA beam. These data  are  shown a s  empty circles.  Three 
of  t h e  four  p o i n t s  were i d e n t i c a l  t o  t hose  obtained w i t h  
a 12 i n .  scan.  
and toward X2 f o r  a p o s i t i v e  26V (see Fig .  58). 1 
A s  t h e  beam inc reases ,  it can be seen t h a t  d e f l e c t i o n  
i n c r e a s e s .  The maximum d e f l e c t i o n  obtained w a s  24O f o r  
an 18 mA beam. T h e  vo l t ages  requi red  f o r  t h i s  d e f l e c t i o n  
are  i n  agreement wi th  those  p red ic t ed  by t h e  a n a l y t i c a l  
s t u d i e s .  These vo l t ages  can produce leakage c u r r e n t s  a c r o s s  
accel i n s u l a t o r s  by us ing  t h e  p re sen t  des ign .  T h i s  leakage 
can be  avoided w i t h  longer i n s u l a t i o n  pa th  l eng ths ,  and 
w i l l  be d iscussed  l a t e r .  
F igu re  60 shows t h e  d e f l e c t i o n  d a t a  f o r  S t r i p  2. I t  
i s  p r a c t i c a l l y  t h e  s a m e  as S t r i p  1 w i t h  no more than a 1' 
d i f f e r e n c e  i n  t h e  two s t r i p s .  Figures  5 9  and 60 are t h e  
c a l i b r a t i o n  curves f o r  t h e  d e f l e c t i o n  system. 
These experimental  r e s u l t s  have a l r eady  been d iscussed  
and compared w i t h  t h e  a n a l y t i c a l  r e s u l t s  i n  Sec t ion  1 1 1 - D .  
The f i n a l  t es t  t o  be performed before  d e l i v e r y ,  as de- 
f ined  i n  t h e  c o n t r a c t ,  w a s  a 2 4  hour ope ra t ion  of t h e  
t h r u s t e r  system. The t h r u s t e r  w a s  t aken  a p a r t  and cleaned.  
The copper gaske t s  between t h e  feed system and i o n i z e r s  w e r e  
rep laced  when t h e  t h r u s t e r  w a s  assembled. T h e  t h r u s t e r  w a s  
then ready  f o r  t h e  24 hour tes t .  The tes t  w a s  s u c c e s s f u l l y  
completed w i t h  t h e  p re s su re  i n  t h e  chamber never higher  than 
4 x Torr ,  nor lower than  7 x low8 Torr .  
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F i g .  58. F r o n t  V iew o f  Dual Beam T h r u s t e r  S h o w i n g  X 1 ,  X 2 ,  
Y 1 ,  a n d  Y 2  D e s i g n a t i o n s .  
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T h e  q u a n t i t i e s  measured du r ing  t h e  2 4  hour t es t  can 
best  b e  shown w i t h  t h e  aid of  t h e  e lec t r ica l  schematic i n  
F ig .  61. T h e  o p e r a t i o n a l  t i m e s  du r ing  t h e  tes t  fo r  each 
t h r u s t  l e v e l  and s t r i p  are snown i n  Table  I X .  Ope ra t iona l  
t i m e s  shown f o r  S t r i p  1 inc lude  t h e  t i m e  i$ w a s  ope ra t ed  
a lone  and w i t h  S t r i p  2 .  S t r i p  2 w a s  opera ted  only when 
S t r i p  1 w a s  o p e r a t i n g .  T h e  2 4  hour t e s t  w a s  de f ined  as 
a t o t a l  of 2 4  hours  of  o p e r a t i o n  of bo th  s t r i p s  a t  equal  
t h r u s t  levels .  From t h e  r e s u l t s  i n  Table IX, it can be  
seen  t h a t  S t r i p  1 was r u n  f o r  a t o t a l  t i m e  o f  33 hours ,  
58  min, and bo th  s t r i p s  w e r e  run  a t  equa l  t h r u s t  levels  
f o r  2 4  hours  and 1 8  min. T r a n s i t i o n  t i m e s  w e r e  n o t  inc luded  
i n  t h e  table. This  would add approximately 30  min t o  eacn 
s t r i p .  Some t y p i c a l  d a t a  p o i n t s  taken  from t h e  t e s t  p r i o r  
t o  any beam d e f l e c t i o n ,  wh i l e  both s t r i p s  w e r e  o p e r a t i n g ,  
are shown i n  Table  X .  The l a r g e s t  amount of power used i n  
each s t r i p  goes t o  t h e  i o n i z e r  a t  t h e  1 0 0 %  t h r u s t  l eve l ,  
because t h e  i o n i z e r s  are n o t  c l e a n .  P a s t  exper ience  shows 
t h a t  1 0 0  t o  200  hours  of o p e r a t i o n  are r e q u i r e d  f o r  t h e  
i o n i z e r s  t o  c l e a n  up i n  t h e  o i l  diffusion-pumped vacuum 
systems used f o r  t e s t i n g  t h e  t h r u s t e r .  The c leanup t i m e  
i n  space  o r  i n  an u l t r a  h igh  vacuum chamber i s  be l i eved  t o  
be less. When an i o n i z e r  i s  c l e a n ,  it w i l l  o p e r a t e  satis-  
f a c t o r i l y  a t  1550'K. Table-X shows t h a t  a temperature  of 
1523'K w a s  r e q u i r e d .  By r e f e r r i n g  t o  F ig .  5 0  aga in ,  it 
can be seen  t h a t  f o r  a c l e a n  i o n i z e r ,  t h e  i o n i z e r  power 
would drop  t o  about  4 0  t o  45 W f o r  each s t r i p .  This  i s  
a dec rease  of  2 0  t o  2 5  W fo r  each s t r i p  f r o m  t h e  power used 
a t  t h e  1 0 0 %  t h r u s t  l eve l  shown i n  Table  X. 
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TABLE I X  
T h r u s t  L e v e l s  V e r s u s  T i m e  
T h r u s t  L e v e l ,  X 
Operating Time’ 
H o u r s : M i n  
r 
S t r i p  1 S t r i p  2 
2 5  5 0  75  1 0 0  25 50 75 1 0 0  
8 : 4 8  1 4 : 1 9  3 : 0 2  7 : 5 0  5 :05  1 2 : 3 3  2 : 5 7  3 :43  
recorded. Figure 58 shows a front view of the thruster 
and the designation of neutralizers and accel electrodes. 
The neutralizers and accel electrode location for Strip 1, 
are designated X1 and X2, while the Y1 and Y2 designations 
refer to those Gf Strip 2. The results of the beam deflection 
are shown in Tables XI, XII, and XIII. The 26V in the first 
column is the voltage across the pair of deflecting electrodes. 
The minus sign means electrodes X2 and Y2 are more negative, 
while X1 and Y1 are more positive than the case for the 
undeflected case where 26V = 0. All cases show that increased 
currents in the accel electrodes are the result of resistive 
leakage to ground, and not interception. 
In order to obtain the average value of the angle of 
deflection, the calibration curves for the various thrust 
levels are used (Fig. 59 and Fig. 6 0 ) .  It can be shown tnat 
the calibration curves were obtained for a beam voltage 
of +2 kV and accel voltage of -5  kV. Since the deflection 
angle is related to (26V/accel voltage), there would De a slignt 
correction factor for the deflection values. When the accel 
voltage is -5.5 kV, the deflection is slightly less than 
that presented in Figs. 59 and 60, while it would be greater 
for accel voltages of -4 kV and -3.5 kV. Precise correction 
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T A B L E  X 
T h  rus t e r  P e r f o r m a n c e  
S t r i p  1 
Thrus t  Level  25% 5 0 %  75% 1 0 0 %  
2 k V  2 2 k V  2 k V  Beam V o l t a g e  2 k V  
Beam Current 4 . 5  m A  9 mA 1 3 . 5  m A  18 mA 
Accel V o l t a g e  - 5 . 5  k V  - 5 . 5  k V  - 5 . 5  k V  
Accel C u r r e n t  0 . 3 3  m A  0 . 4 5  mA 0 . 9 2  mA 
I o n i z e r  Tempera ture  1455°K 1454°K 1496°K 
I o n i z e r  Power  5 4 . 7  w 5 4 . 7  w 6 0 . 7  W 
V a p o r i z e r  Power 5 . 0 3  W 6 . 4  W 7 . 1  w 
Beam Power 9 . 0  w 1 8 . 0  W 27 W 
Accel Power  1 . 8  W 2 . 4 7  W 5 . 0 6  W 
N e u t r a l  i z e r  Power  2 . 6 3  W 2 . 6 3  W 2 . 6 3  W 
T o t a l  Power 7 3 . 2  w 8 4 . 2  W 1 0 2 . 5  W 
- 5 . 5  k V  
1 . 1  m A  
1523°K 
6 6  W 
1 0 . 3 2  W 
36 W 
6 . 0 5  W 
2 . 6 3  W 
1 2 1  w 
S t r i p  2 
Thrust  Level 2 5% 5 0 %  75% 1 0 0 %  
Beam V o l t a g e  2 kV 2 k V  2 k V  2 kV 
Beam C u r r e n t  4 . 5  m A  9 m A  1 3 . 5  mA 18 mA 
Accel V o l t a g e  - 5 . 5  k V  - 5 . 5  k V  - 5 . 5  k V  - 5 . 5  kV 
Accel Current  0 . 2 1  m A  0 . 2 6  mA 0 . 4 5  m A  1 . 2 4  mA 
I o n i z e r  Tempera ture  1458°K 1462°K 1462°K 1532°K 
I o n i z e r  Power 5 4 . 7  w 5 4 . 7  w 5 5 . 3  w 6 7 . 4  W 
V a p o r i z e r  Power 5 . 2 5  W 6 . 3 2  W 6 . 7 6  W 9 . 6 2  W 
Beam Power 9 . 0  w 1 8 . 0  W 27 W 36 W 
Accel Power 1 . 1 5  w 1 . 4 3  w 2 . 4 8  W 6 . 8 7  W 
t j e u t r a l i  z e r  Power  2 . 6 3  W 2 . 6 3  W 2 . 6 3  W 2 . 6 3  W 
T o t a l  Power  7 2 . 7  W 83.1 W 9 4 . 1 7  W 1 2 2 . 5  W 
T20-  
111  
T A B L E  XI 
Accel 
Current 
X 1 ,  m A  
Beam D e f l e c t i o n  R e s u l t s  a t  100% Thrust Level  
Beam Vol tage  = 2 k V ;  Beam C u r r e n t  = 18 m A ;  Accel Vo l t age  = - 5 . 5  k V  
Be am 
Toward 
E l e c t r o d e  
D e f l e c t i o n  
V o l t a g e  
2 6 V 7  v 
-0  
-300 
-600 
-900 
- 1080 
- 1  200 
0 
+300 
+600 
+goo 
+1200  
0 
Accel  
Current 
X 2 ’  m A  
1 . 1  
1 . 2  
1 . 4  
1 . 6  
1 . 7 5  
1 . 0  
0 . 9  
0 . 8  
0 . 7 5  
0 . 6 5  
1 . o  
S t r i p  1 
1 . o  
0 . 9  
0 . 8  
0 . 7  
0 . 7  
x1  
x1 
x 1  
x 1  
1 . 1  
1 . 2  
1 . 4  
1 . 6  
1 . 7  
1 .o  
x 2  
x 2  
x 2  
x 2  
Acce l  
Current 
y 2 7  m A  
0 . 4 9  
0 . 5 8  
0 . 6 8  
0 . 7 8  
0 . 9 0  
0 . 4 8  
0 . 4 3  
0 . 3 7  
0 . 3 4  
0 . 3 1  
0 . 4 9  
S t r i p  2 
Accel  
Current 
Y,, m A  
0 . 7 6  
0 . 6 2  
0 . 5 2  
0 . 4 2  
0 . 3 6  
0 . 7 9  
1 . o  
1 . 1  
1 . 4  
1 . 6  
0 . 7 3  
Beam 
Toward 
E l e c t r o d e  
1 1 2  
T A B L E  X I 1  
Beam D e f l e c t i o n  R e s u l t s  a t  75% Thrus t  Level  
Beam V o l t a g e  = 2 k V ;  Beam C u r r e n t  = 1 3 . 5  m A ;  Accel V o l t a g e  = - 4  k V  
D e f l e c t i o n  
V o l t a g e  
2 6 V ,  v 
0 
- 3 0 0  
- 6 0 0  
- 9 0 0  
- 1  2 0 0  
0 
+300 
+600 
+goo 
+ 1 2 0 0  
0 
Acce 1 
C u r r e n t  
X 2 ,  m A  
1 . 8  
2 . 1  
2 . 4  
2 . 8  
1 . 4 5  
1 . 3 0  
1 . 2 0  
1 . o  
0 . 8  
1 . 7  
S t r i p  1 
Accel  
Current 
X 1 ,  m A  
0 . 6 2  
0 . 5 0  
0 . 4 2  
0 .36  
0 . 6 0  
0 . 7 9  
0 . 9 7  
1 . 2  
1 . 4  
0 . 6 2  
Beam 
Toward 
E 1 e c t r o d e  
Accel 
C u r r e n t  
Y 2 ,  mA 
0 . 3 9  
0 . 4 4  
0 . 5 0  
0 . 5 8  
0 . 6 6  
0 . 3 7  
0.32 
0 . 3 0  
0 .28  
0 .26  
0 . 3 5  
S t r i p  2 
Accel  
Current 
Y l Y  mA 
0 . 5 2  
0 . 4 0  
0 . 3 0  
0 .23  
0 . 1 7  
0 . 5 3  
0 . 6 6  
0 . 8 2  
1 .o  
1 . 1  
0 . 4 6  
Beam 
Toward 
Electrode  
y 1  
y 1  
y 1  
y 1  
y 2  
y 2  
y 2  
y 2  
T203 
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T A B L E  XI11 
Beam D e f l e c t i o n  R e s u l t s  a t  50% Thrust  Level 
Beam Vol tage  = 2 k V ;  Beam C u r r e n t  = 90 m A ;  Accel Vo l t age  = - 3 . 5  kV 
D e f l e c t i o n  
V o l t a g e  
2 6 V ,  v 
0 
- 3 0 0  
-600  
-900 
-1200 
0 
+300  
+600 
+goo 
+1200 
0 
Accel  
C u r r e n t  
X 2 ,  m A  
0 . 9 0  
1 . 1  
1 . 2  
1 . 4  
1 .6 
0 . 7 4  
0 . 6 4  
0 . 5 3  
0 . 4 4  
0 . 3 3  
0 . 8 2  
S t r i p  1 
Accel  
C u r r e n t  
X 1 ,  mA 
0 . 3 4  
0 . 2 8  
0 . 2 6  
0 . 2 3  
0 . 2 0  
0 . 3 2  
0 . 4 0  
0 . 4 9  
0 . 6 0  
0 . 7 0  
0 . 3 2  
Beam 
Toward 
E l e c t r o d e  
Accel 
Current 
Y E ,  m A  
0 . 0 6  
0 . 0 8  
0 . 1 0  
0 . 1 4  
0 . 1 8  
0 .06  
0 . 0 5  
0 .05  
0.05 
0 . 0 6  
0 .06  
S t r i p  2 
Accel 
Current 
Y,, mA 
0 . 1 2  
0 . 0 8  
0 . 0 5  
0 . 0 4  
0 . 0 3  
0 . 1 2  
0 . 1 8  
0 . 2 3  
0 . 3 1  
0 . 4 0  
0.09 
Beam 
Toward 
E l e c t r o d e  
y 1  
y 1  
y 1  
y 1  
y 2  
y 2  
y 2  
y 2  
T20 
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va lues  could  b e  obta ined  by gene ra t ing  new sets of c a l i b r a t i o n  
curves  fo r  the  v a r i o u s  accel-to-decel r a t i o s ;  however, the  C a l i -  
b r a t i o n  cu rves  obta ined  w e r e  l i m i t e d  t o  A/D = 3.5.  
A f t e r  the  d e f l e c t i o n  data w e r e  ob ta ined ,  t h e  t es t  w a s  
cont inued t o  complete t h e  24  hour ope ra t ion  of bo th  t h r u s t e r s .  
The t h r u s t  level  w a s  v a r i e d  among t h e  75%, 50%,  and 25% t h r u s t  
l e v e l .  The l a s t  segment of  t h e  run  w a s  a 5-1/2 hour o p e r a t i o n  
w i t h  b o t h  t h r u s t e r s  a t  the 50% t h r u s t  l eve l .  
A s  shown i n  F ig .  6 1 ,  there is a v o l t a g e  l i m i t i n g  c i r c u i t  
and ammeter between t h e  power supply  common and ground, which 
w a s  used t o  check the  e f f e c t i v e n e s s  o f  t h e  beam n e u t r a l i z a -  
t i o n .  The vo l t age  bu i ldup  w a s  l i m i t e d  t o  1 5 0  V i f  t h e  e l e c t r o n s  
fram the  n e u t r a l i z e r s  werb no t  coupl ing  w i t h  the beam. 
T h e  n e u t r a l i z a t i o n  technique  w a s  f i x s t  tried d u r i n g  
t h e  2 4  hour ’test. The f i rs t  t e s t  at tempted t o  heat the  
n e u t r a l i z e r s  t o  t h e  4prop,e 
There w5s ’no evidence of n e u t r a l i z a t i o n .  A second a t t empt ,  
u s ing  a nega t ive  b i a s ,  w a s  e q u a l l y  unsuc&essful;  T h e  n e u t r a l -  
i z e r s  w e r e  l e f t  on d u r  the p a r t  of t h e  t e s t  although 
t h e y  w e r e  n o t  n e u t r a l i  g. : A f t e r  t h e  24 h o u r b a t e s t ,  t h e  
p o s i t i o n s  of  t h e  n e u t r a l i z e r s  w e r e  measured. I t  was d i scove red  
t h a t  t h e  neutral i -Ger  f i l a m e n t s  w e r e  located too f a r  from 
t h e  beam t o  n e u t r a l i z e .  Another se t  of n a 1 i zer  f i l a k e n t  s 
w e r e  f a b r i c a t e d ,  uAd be p rope r ly  l o c a t e d .  Because 
ca rbur i zed  t q o r  ments w e r e  unnecessary t o  s tudy  t h e  
beam n e u t r  za t ion , ,  t h e s e  f i l a m e n t s  were ope ra t ed  as :pure 
tungs t en  f ilamenlzs ., The,  oAly d i f f e r e n c e  w a s  t h a t  more, power 
w a s  needed t o ,  o b t a i n  t h e  necessa ry  e1ectron”’emission.  -
emperature w ‘ i t h  a 4 . 5  mi4 beam. 
*. A. . ’ + 
A r e p r e s e n t a t i v e  set  of r e s u l t s  f o r  t h e  t h r u s t e r  system 
a t  f u l l  t h r u s t *  i s  shown i n  Table X I V .  Resu l t s  a t  50% t h r u s t  
are shown i n  Table  XV. When t h e  coupl ing  i s  good the  
f l o a t i n g  ground p o t e n t i a l ,  and the  current-to-ground would 
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drop.  For t h e  1 0 0 %  t h r u s t  l eve l  a n e u t r a l i z e r  bias  of about  
-50 V w a s  needed t o  keep t h e  f l o a t i n g  ground a t  -50 V.  T h e  
50% t h r u s t  level required a -140 V bias  t o  keep t h e  f l o a t i n g  
p o t e n t i a l  a t  -40  V. T h e  emission of t h e  n e u t r a l i z e r s  w a s  
h igher  t han  t h e  t o t a l  c u r r e n t  because some of t h e  e l e c t r o n s  
moved t o  t h e  d e c e l .  A t  l o w e r  beam c u r r e n t  more than  -150 
V w e r e  r e q u i r e d  i n  t h e  b i a s  c i r c u i t .  A second r e p o s i t i o n i n g  
of the  n e u t r a l i z e r ,  p r i o r  t o  d e l i v e r y ,  w a s  made t o  irn- 
prove t h e  n e u t r a l i z a t i o n  a t  l o w e r  c u r r e n t  d e n s i t i e s .  T h i s  
change w a s  accomplished and t h e  t h r u s t e r  w a s  d e l i v e r e d  t o  
NASA LeRC.  
1 1 7  

S E C T I O N  V I  
T H R U S T E R S  T E S T  R E S U L T S  A T  N A S A  L E W I S  R E S E A R C H  C E N T E R  
The acceptance tes t  o f  t h e  t h r u s t e r  system w a s  performed 
a t  NASA L e w i s  Research Center .  The chamber used f o r  t h e  t e s t  
w a s  an o i l  d i f f u s i o n  pumped system w i t h  a l i q u i d  n i t r o g e n  
c r y o l i n e r .  This sytem w a s  capable  of o p e r a t i n g  i n  t h e  
Torr r ange .  
The t h r u s t e r ,  which had t o  be mounted a t  LeRC,  w a s  
a t t ached  t o  a r e c t a n g u l a r  f r a m e ,  b u t  i s o l a t e d  from it. I n  
t u r n ,  t h e  frame w a s  mounted t o  t h e  f i x t u r e ,  which w a s  a l s o  
e l e c t r i c a l l y  isolated from t h e  chamber (I A grounded d i s c  
( 3  f t  i n  d iameter )  w i t h  a c e n t e r  opening w a s  mounted i n  l i n e  
wi th  t h e  t h r u s t e r  f a c e  and a c y l i n d r i c a l  ground sc reen  was 
p laced  around t h e  t h r u s t e r .  
Before t h e  t h r u s t e r  and mounting f i x t u r e  were placed 
i n  t h e  chamber, a r e s i s t a n c e  check w a s  made on,  and between, 
va r ious  components. T h e  h igh  r e s i s t a n c e  measurements w e r e  
made wi th  a megohm m e t e r  a t  1 0 0 0  V ,  b u t  t h e  r e s i s t a n c e  between 
t h e  n e u t r a l i z e r  and Ground w a s  a t  a 2 0 0  V s e t t i n g .  Low 
r e s i s t a n c e  readings  w e r e  made w i t h  a low range  ohmmeter. 
The r e s u l t s  of  t h e  measurement are shown i n  Table  X V I .  
Ground i n  t h e  tab le  i s  t h e  e x i t  e l e c t r o d e  and t h r u s t e r  
suppor t  s t r u c t u r e .  
A f t e r  t h e  r e s i s t a n c e  check, t h e  t h r u s t e r  and suppor t  
p l a t e  w e r e  p laced i n  t h e  chamber and e lectr ical  leads w e r e  
connected t o  t h e  t h r u s t e r .  A f i n a l  check f o r  s h o r t s  revealed 
t h a t  one accel w a s  sho r t ed  t o  t h e  e x i t  e l e c t r o d e .  A qu ick  
check showed t h a t  one of t h e  s h i e l d s  around t h e  i n s u l a t o r  
suppor t ing  t h e  accel had been moved d u r i n g  t h e  i n s t a l l a t i o n .  
T h i s  w a s  r e p a i r e d  e a s i l y .  The chamber w a s  evacuated,  and 
s e v e r a l  hours  la ter  t h e  power s u p p l i e s  w e r e  tu rned  on b r i e f l y  
f o r  a f i n a l  e lec t r ica l  check. The system w a s  pumped ove rn igh t  
and t h e  t e s t i n g  started t h e  nex t  day. 
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T A d L E  XVI 
I m p e d a n c e  Check o f  Thruster  a t  NASA Lewis R e s e a r c h  Center  
( I n  A i r )  
D e s c r i p t i o n  
I o n i z e r  a n d  A c c e l  1 ( X 1  a n d  Y1) 
I o n i z e r  an.d A c c e l  2 ( X 2  a n d  Y 2 )  
I o n i z e r  a n d  Ground  
A c c e l  1 a n d  A c c e l  2 
A c c e l  1 a n d  Ground  
A c c e l  2 a n d  Ground  
N e u t r a l i z e r  1 Common a n d  Ground 
N e u t r a l i z e r  2 Common a n d  Ground  
Vent a n d  I o n i z e r  
V a p o r i z e r  a n d  I o n i z e r  
I o n i z e r  H e a t e r  a n d  I o n i z e r  
Vent a n d  Ground  
V a p o r i z e r  a n d  Ground  
I o n i z e r  a n d  Ground  
Ou te r  Frame a n d  I o n i z e r  
I o n i z e r  t o  I o n i z e r  
Outer  Frame t o  Ground  
A c c e l  1 t o  A c c e l  1 
N e u t r a l i z e r  1 
N e u t r a l i z e r  2 
S t r i p  1 ,  fi 
7 x 1 o 1 O  
l o l l  
7 x 1o1O 
2' x 1o1O 
9 l o 9  
9 l o 9  
6 x 10" 
8 x l o 1 '  
0 . 9 6  
0 . 9 9  
0 . 8 6  
5 x 1o1O 
5 x 1o1O 
5 x 1o1O 
6 x l o 1 '  
6 x l o l o  
7 x 1o1O 
3 .13  
3 . 0 7  
S t r i p  2 ,  n 
5 x 1o1O 
5 x 1o1O 
5 x l o 9  
3 x 1o1O 
3 . 4  x 1o'O 
2 . 4  x l o l o  
6 x l o l o  
6 x l o l o  
1 . 1 5  
0 . 9 2  
0.88 
6 x l o l o  
6 x l o l o  
6 x l o l o  
7 x 1o1O 
6 x l o l o  
7 x 1o'O 
3 . 0 7  
3 . 0 4  
t201 
1 2 0  
The t h r u s t e r  acceptance  t e s t  c a l l e d  f o r  an 8 hour test .  
F igu re  6 2  shows t h e  o p e r a t i o n a l  l eve ls  f o r  t h e  t e s t .  The 
t h r u s t  l e v e l s  w e r e  chosen by t h e  NASA P r o j e c t  Manager. Both 
s t r i p s  w e r e  kept  a t  f u l l  t h r u s t  f o r  more than  f o u r  hours  
a t  t h e  s t a r t  o f  t h e  t es t  and one hour a t  t h e  end o f  t h e  
t e s t .  The r e s u l t s  shown i n  F ig .  6 2 ,  fo l low t h e  t e s t  p l an  
( excep t  f o r  a d e l a y  between t h e  seventh  and e i g h t h  hour)  
f o r  t h e  fo l lowing  r eason .  Near t h e  end of  t h e  seventh hour 
of o p e r a t i o n ,  a thermocouple on vapor i ze r  2 w a s  l o s t .  A s  
a p r e c a u t i o n ,  S t r i p  2 w a s  tu rned  o f f .  A f e w  minutes la ter  
S t r i p  1 w a s  tu rned  o f f  and a p l an  f o r  t h e  remainder of t h e  
t e s t  was made. Because t h e r e  were power s e t t i n g s  recorded  
a t  t h e  f u l l  t h r u s t  l e v e l ,  no thermocouple r ead ings  w e r e  
r e q u i r e d .  
HRL531-7 
I I I 1 I 
- BOTH STRIPS a 14 E 
---STRIP I 
f 12 e * * * *  STRIP 2 w a a 10 - 
3 
0 
BOTH STRIPS OFF 
AFTER 7HOURS 
c 
9 
16 - 
- 
- 
0 TOTAL ACCEL CURRENT STRIP I 
TOTAL ACCEL CURRENT STRIP 2 
0 -  DEFLECTION DATA TAKEN 
6 -  
4 -  
2 -  
0 I 2 3 4 5 6 7 0 
TIME, hr 
F i g .  6 2 .  E i g h t  Hour A c c e p t a n c e  T e s t  a t  LeRC. 
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A l l  power t o  t h e  t h r u s t e r  w a s  tu rned  o f f  and resistance 
measurements w e r e  made (Table  XVII). The f i n a l  hour of 
t h e  t es t  w a s  completed. 
A c c e l  c u r r e n t  of  S t r i p  2 w a s  lower than  t h a t  of S t r i p  
1. T h e  accel c u r r e n t  on S t r i p  2 never  exceeded 0 . 6  mA, 
w h i l e  t h e  h i g h e s t  v a l u e  f o r  S t r i p  1 w a s  3 mA. S ince  t h e  
s h o r t  between t h e  accel and e x i t  e l e c t r o d e  before t h e  t es t  
s t a r t  w a s  on S t r i p  1, it i s  p l a u s i b l e  t h a t  t he  s h i e l d  over 
t h e  accel i n s u l a t o r  moved close enough t o  the  e x i t  e l e c t r o d e  
t o  e m i t  e l e c t r o n s  by f i e l d  emission.  
The o p e r a t i o n a l  parameters  recorded d u r i n g  t h e  e i g h t  
hour t e s t  are shown i n  Tables  XVIII and XIX. Both s t r i p s  
w e r e  o p e r a t i n g  w h i l e  t h e  d a t a  w e r e  t aken .  From t h e  d a t a  
taken ,  t h e  c u r r e n t  t o  ground q u a n t i t y  war ran t s  exp lana t ion .  
T h i s  i s  t h e  c u r r e n t  f lowing between t h e  f l o a t i n g  p o i n t  on 
t h e  power s u p p l i e s  t o  ground. When t h i s  va lue  i s  ze ro ,  
t h e  i o n  beam i s  ach iev ing  n e u t r a l i z a t i o n .  A s i g n i f i c a n t  
r e s u l t  proved t h a t  it w a s  easier t o  n e u t r a l i z e  t h e  beam 
a t  lower c u r r e n t  d e n s i t i e s  t han  those experienced a t  t h e  
t e s t i n g  a t  Malibu. T h i s  w a s  because t he  l o w e r  accel v o l t a g e  
d i d  n o t  "push" t h e  e l e c t r o n s  away from t h e  beam and t h e  new 
p o s i t i o n  of t h e  n e u t r a l i z e r s .  T h i s  r e s u l t  i n d i c a t e s  t h a t  
t h e  space  i n  t h e  e x i t  e l e c t r o d e  should be smaller, so the  
n e g a t i v e  f i e l d s  can be screened from t h e  n e u t r a l i z e r s .  T h i s  
change would make t h e  n e u t r a l i z a t i o n  much easier and would 
r e q u i r e  less n e u t r a l i z e r  bias.  
During t h e  e i g h t  hour t e s t ,  d e f l e c t i o n  d a t a  a lso w e r e  
t aken .  (See Tables XVIII and XIX.) T h e  d a t a  recorded f o r  
t h e  v a r i o u s  t h r u s t  levels  and t w o  s t r i p s  are shown i n  Tables 
XX, XXI, XXII, and XXIII. The angular  d e f l e c t i o n  can be 
obta ined  f r o m  F i g s .  59 and 6 0 .  T h e  2BV = +1200  V corres- 
ponds t o  approximately +20° f o r  an 18 mA beam. 
1 2 2  
T A B L E  XVII 
Impedance Check o f  T h r u s t e r  a t  i4ASA Lewis R e s e a r c h  C e n t e r  
( I n  Vacuum) 
D e s c r i p t i o n  
I o n i z e r  and  Accel  1 ( X l  and Y 1 )  
I o n i z e r  and  Accel  2 ( X 2  and  Y 2 )  
I o n i z e r  and Ground 
Accel 1 and Accel  2 
Accel 1 and Ground 
Accel 2 and Ground 
N e u t r a l i z e r  1 Common and Ground 
N e u t r a l i z e r  2 Common and Ground 
Vent and I o n i z e r  
V a p o r i z e r  and I o n i z e r  
I o n i z e r  H e a t e r  and I o n i z e r  
Vent and Ground 
V a p o r i z e r  and Ground 
I o n i z e r  and Ground 
O u t e r  Frame and I o n i z e r  
I o n i z e r  t o  I o n i z e r  
O u t e r  Frame t o  Ground 
Accel  1 t o  Accel  1 
N e u t r a l  i z e r  1 
N e u t r a l i z e r  2 
S t r i p  1 ,  fi 
CU 
m 
4 l o 7  
m 
1 3  2 . 5  x 10 
4 . 5  x l o 8  
5 l o 9  
5 l o 9  
1 . 0 3  
1 . 0 3  
0 . 7 7  
1 . 8  x l o 7  
7 1 . 5  x 10 
1.5 l o 7  
7 l o 9  
7 x 1 0 l 1  
9 2 . 5  x 10 
7 x 
3 . 1 0  
2 . 9 0  
S t r i p  2 ,  fi 
CQ 
m 
5 l o 7  
1 . 5  
1.5 l o 9  
1 l o 9  
3 l o 9  
5 l o 9  
1 . 0 8  
1 . 0 5  
0 . 7 8  
2 l o 9  
2 l o 9  
2 l o 9  
W 
7 l o 9  
7 x l o l l  
7 x 1 0 l 2  
2 .90  
2 . 9 0  
T 2 0 8  
1 2 3  
TABLE X V I I I  
S t r i p  1 Test  a t  Aasa Lewis Research Center 
1.75 
Oate 
- 
1/3/71 
1/4/71 
- 
2.0 1 1 7 . 9 1  5 . 0 1 3 . 2  I 10.1 0.77 
C r i t i c a l  t e m p e r a t u r e  check 
I AI power o f f  1 
l ime 
H e a t e r  -
A 
' H e a t e r  -
A 
m - 
mA 
- 
1 8  
18.4 
1 8  
1 8  
1 8  
1 8  
1 8  
18 
1 8  
18 
18 
N e u t r a l i z e r  
H e a t e r  
9.5 0.40 p9.6 0.395 
9.6 0.395 
9.6 0.395 
9.6 0.395 
9.5 0.380 
9.5 0.38 
mA beams 
9.5 10.40 
5 mA beams 
9.5 1 0 . 4  
N e u t r a l i z e r  h r r e n t - t o  
Ground 
mA 
o n i z e  
V  
- l a p o r i i  
V  
- B -
kV. 
- 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2 .o 
2.0 
2 .o 
Accel  
Pressure,  
T c r r  
7.6 
3 
1.8 
2.3 
1.7 
1.2  IO-^ 
1.1 
1.1 l o s 7  
9.3 x 10-8 
3.5 x 10-8 
3.2 x 
5.9 x 10-8  
5.1 x 
4.9 x 
5.2 x 10-8 
R.6 x l o - '  
2  
3.8 x 10'8 
rm 
- 
B i a s .  
V  - 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
110 
70 
75 
75 
70 
75 
h i s s i o n .  
mA 
0.944 
1005 
1030 
1049 
1105 
11 30 
1200 
1230 
1300 
1330 
1345 
1400 
1445 
1505 
1530 
1554 
1606 
1635 
1645 
1646 
0930 
0940 
1025  
,1035 
- 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17 
17 
17.3 
- 
3.90 
3.90 
3.91 
3.91 
3.91 
3.91 
3.91 
3.91 
3.92 
3.92 
3.92 
3.92 
3.92 
3.95 
3.95 
3.95 
3.97 
4.0 
3.95 
3.95 
3.93 
- 
6.5 
6.0 
5.7f 
5.6 
5.6 
5 .6  
5.4 
5.4 
5.4 
5.5 
5.5 
5.0  
5.7 
5 
4.8 
5.0 
4 
3.8 
7 
6.5 
5 . 5  
1.95 
1.70 
1.65 
1.63 
1.60 
1.60 
1.6 
1.65 
1.62 
1.63 
1.65 
De 
1.55 
36 
0 
0 
2.3 
3.0 
10.0 
9.6 
6 .5  
5 .5  
7.2 
9.2 
0 
0 
0 
0 
0 
0 
0.6 
3 
0 . 5  
16 
15 
13.3 
12.5 
11 
12 
1 8  
20.5 
17.8 
15.5 
21 
22 
14 
15.8 
15.8 
11.5 
1 0 . 5  
e c t i o n  d a t a  t a k e n  f o r  
2.0 I 13.5 I 4.5 1 1 . 7  
D e f l e c t i o n  d a t a  t a k e n  f o r  1 
1.65 1 2 . 0  I 13.5 I 4.5 12.2 
D e f l e c t i o n  d a t a  t a k e n  f o r  13.5 mA beams 
1.5 
1.57 1 ;  I :::I 
1.4 
1 2 . 0  I 9.2 I 3 11.6 I 9.5 10.39 
D e f l e c t i o n  d a t a  t a k e n  f o r  9.2 mA beams 
1.43 0.85 9.5 0.395 
l o . g o l  9.5 10.395 
I 4.5 I 2 10.38 I 9.5  10.395 D e f l e c t i o n  d a t a  t a k e n  f o r  9 .3 niA beams I 2 
D e f l e c t i o n  d a t a  t a k e n  f o r  4.5 niA beams 
. .  
1.45 
1.95 
1 . 9 ,  
L o s t  thermocouple on S t r i p  2 
2 I 4.5 I 2 10.42 1 9.5 10.395 
Both s t r i p s  t u r n e d  o f f  
2.5 1 ::.6 1 5.2 12.1 1 
2.0 5.2 2.0 10.3 I 0.76 
0 0 
1 2 4  
T A B L E  XIX 
S t r i p  2 T e s t  a t  J a s a  Lewis Research Center  
.75  
D a t e  
2.0 I 1 7  I 5.0 1 0 . 4  I 8.75 0 .75  
C r i t i c a l  t e m p e r a t u r e  check  I AII ; rawer o f f  
i me 
o n i z e r  H e a t e r  l a p o r i z e r  H e a t e r  Beam A c c e l  N e u t r a l i z e r  
H e a t e r  
N e u t r a l  i z e r  : u r r e n t  - t o  
Ground 
mA 
P r e s s u r e ,  
T o r r  
- 
mA 
- 
0 . 2  
0.6 
0 . 1  
0 . 2  
0 . 1  
0 . 1 5  
0 .12  
0 . 1 5  
0 . 2  
0 . 5  
0 . 5  
- 
kV 
- 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
- 
-kV 
- 
5 . 5  
5.5 
5.5 
5.5 
5.5 
5 . 5  
5 . 5  
5.5 
5 . 5  
5 . 5  
5.5 
V A 
- 
3.90 
3.90 
3.90 
3 . 9 2  
3.92 
3.92 
3.92 
3 . 9 2  
3.93 
3.93 
3 .95  
3 .95  
3.95 
3.95 
3.90 
3.90 
3.95 
- 
V A B i a s ,  
V 
: m i s s i o n ,  
mA V A 
1/3/71 
1 4 / 7 1  
0944 
1005 
1030 
1049 
1105 
1130 
1200 
1230 
1300 
1330 
1345 
1400 
1445 
1505 
1530 
1554 
1606 
1635 
1645 
1646 
0930 
0940 
1025 
IO35 
6.5 
6 
6 
5.6 
5.6 
5.5 
5.5 
5.5 
5.5 
5.5 
5.5 
5.5 
5.5 
4.5 
6 
6 
7 
5.6 
- 
!.02 
I .9  
1.8 
1.77 
1.75 
1.7 
.72  
1.70 
1.73 
1.74 
1.73 
18 . ;  
1 8 . .  
1 8  
18  
1 8  
1 8  
1 8  
1 8  
1 8  
1 8  
1 8  
36 
0 
0 
2 .3  
3 .0  
10 .0  
9 . 6  
6 . 5  
9 . 3  
9 .5  
9.2 
0 
0 
0 
0.6 
3 
0.5 
1 . 6   IO-^ 
3 
1 . 8  
t . 3  
1.7 
1 . 2   IO-^ 
1 . 1  1 0 ' ~  
1 . 1  
1.3 x 
1.5 x I O e 8  
1.2 x 1 0 - 8  
i . 9  x 1 0 - 8  
i.l x 1 0 - 8  
1.9 x 1 0 - 8  
i . 2  x 1 0 - 8  
1.6 x l o w 8  
' 
1.8 x i n - 8  - 
17.0 
1 7  
1 7  
1 6 . 8  
1 6 . 8  
1 6 . 8  
1 6 . 8  
1 6 . 8  
16 .7  
1 6 . 7  
1 6 . 7  
1 6 . 7  
16 .7  
16 .7  
17 .4  
17 .5  
17 .5  
9 . 5  
9 .5  
9 . 5  
9 .5  
9 .5  
9 . 2  
9.2 
9 . 2  
9 .5  
9 .5  
0 . 4 1  
0 . 4 1  
0.41 
0 . 4 1  
0 . 4 1  
0 . 4  
0 . 4  
0 . 4  
0.42 
0 .41  
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
75 
75 
70 
75 
120 
120 
D e f l e c t i o n  da i  
' I  I 
t a k e n  f o r  
I 
mA beams 
I 
O e f l e c t i o n  d a t a  t a k e n  f o r  13 .5  mA beams 
I I I I I I  
I I I I I I  
O e f l e c t i o n  d a t a  t a k e n  f o r  13 .5  mA beams 
D e f l e c t i o n  d a t a  t a k e n  f o r  9 . 2  mA beams 
1.73 9 . 4  0 . 4  1 ;  I ::: 1 1;:; 1 9 . 4  1 0 . 4  12 .7  13 .2  
1 3  
6.5 
25 
24 
D e f l e c t i o n  d a t a  t a k e n  f o r  9 . 3  mA beams 
1 . 5 8  I 2 I 4 . 5  I 3 1 0  I 9 .5  1 0 . 4  
c t i o n  d a t a  t a k e n  f o r  4.5 imA beams Def 
' . 8 2  
01 
L o s t  t h e r m o c o u p l e  o n  S t r i p  2 
2 1 2  1 2  I o  1 9 . 5  
130th s t r i p s  t u r n e d  o f f  
0 . 4  
0 . 7 4  
2.5 1 ;;.5 1 5.2 10 .4  1 
2 5 .2  0.3 8 .7  
l e c t i o n  d a t a  t a k e n  on  1 8  mA beams 
1 2 5  
T A B L E  X X  
Beam Def lec t ion  Resul t s  a t  100% Thrust  Level 
Beam Voltage = 2 k V ;  Beam Current  = 18 MA; Accel Voltage = - 5 . 5  kV 
Def 1 e c  t i  on 
V o l t a g e  
26V, v 
0 
-300 
-600 
-900 
-1180 
-1200  
0 
300 
600 
900 
1200  
0 
Acce l  
Current 
X Z y  m A  
1 . o  
1 . 1  
1 . 2  
1 . 4  
1 . 5  
1 .o  
0 . 9  
0 . 8  
0 . 7  
0 . 7  
1 . o  
S t r i p  1 
Acce l  
Current 
X l Y  mA 
2 . 1  
1 . 9  
1 . 7  
1 . 5  
1 . 3  
2 .1  
2 . 6  
3 . 0  
3.2 
3.3 
2.2 
Beam 
Toward 
E l e c t r o d e  
Accel  
Current 
Y 2 ¶  m A  
0 . 0 7  
0 . 0 7  
0 . 0 9  
0 . 1 1  
0 . 1 3  
0.06 
0 . 0 5  
0.04 
0.04 
0.04 
0 . 0 7  
S t r i p  2 
Accel 
Current  
Y , '  mA 
0.44 
0.40 
0.36 
0.32 
0 . 2 9  
0.45 
0,49 
0.54 
0 . 6 1  
0 .G8 
0.44 
beam 
Toward 
E l e c t r o d e  
y P  
y 2  
y 2  
y 1  
y 1  
y 1  
y 1  
y 1  
'T211 
1 2 6  
TABLE XXI 
Beam 
Toward 
E l e c t r o d e  
x 2  
x 2  
x 2  
x2 
x1 
x1 
x 1  
x1 
Beam D e f l e c t i o n  R e s u l t s  a t  75% Thrust Level  
Beam Vol t age  = 2 k V ;  Beam C u r r e n t  = 1 3 . 5  m A ,  Accel Vo l t age  = - 4 . 5  k V  
Acce l  
Current 
Y 2 ’  mA 
0 . 0 2  
0 . 0 2  
0 . 0 3  
0 . 0 4  
0 . 0 5  
0 . 0 2  
0 . 0 2  
0 . 0 1  
0 . 0 1  
0 . 0 1  
0 . 0 2  
D e f l e c t i o n  
V o l t a g e  
26V, v 
0 
-300 
-600 
-900 
-1200 
0 
30 0 
600  
900 
1200  
0 
Accbl 
Current 
X 2 ,  m A  
0 . 6  
0 . 7  
0.7 
0 . 8  
1 . 0 5  
0 . 5  
0 . 5  
0 . 4  
0 . 5  
0 . 5  
0 . 6  
S t r i p  1 S t r i p  2 
Acce l  
Current  
X 1 ,  mA 
1 . 3  
1 . 1  
1 .o  
0 . 8  
0 . 6 5  
1 . 3  
1 . 6  
2 . 3  
2 . 4  
2 . 2  
1 . 3  
Acce 1 
Current  
Y l Y  m A  
0 . 2 8  
0 . 2 4  
0 . 2 2  
0 . 1 9  
0 . 1 7  
0 . 2 8  
0 . 3 2  
0 . 3 6  
0 . 4 4  
0 . 4 8  
0 . 2 7  
Beam 
Toward 
E l e c t r o d e  
1 2 7  
T A B L E  XXII 
A c c e l  
C u r r e  n t 
mA y 1  
0.08 
0.075 
0.06 
0.05 
0.04 
0.09 
0 . 1  
0.13 
0 . 1 5  
0 .18  
Beam D e f l e c t i o n  R e s u l t s  a t  50% T h r u s t  Level 
Beam Vol tage  = 2 k V ;  Beam C u r r e n t  = 9 m A ;  Accel Vol tage  = - 3  kV 
Beam 
Tow a rd 
E l e c t r o d e  
y 2  
y 2  
y 2  
y 2  
y 1  
y 1  
y l  
y 1  
l e f  1 ec t i o n  
V o l t a g e  
26V, v 
0 
- 300 
-600  
-900 
-1200  
0 
300 
600 
900 
1200 
0 
A c c e l  
C u r r e n t  
X 2 ,  mA 
0.35 
0.34 
0.35 
0.45 
0.45 
0.30 
0 . 2 6  
0 . 2 0  
0 
0 
0.34 
S t r i p  1 
A c c e l  
C u r r e n t  
X I ’  mA 
0.45 
0.36 
0.30 
0.25 
0 . 2 0  
0.50 
0 . 6 4  
0 . 8 0  
1 . 2 0  
1 . 3 0  
0 . 4 6  
Beam 
Toward 
E l e c t r o d e  
A c c e l  
C u r r e n t  
y 2  
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
128 
T A B L E  XXIII 
Beam D e f l e c t i o n  R e s u l t s  a t  2 5 %  Thrust Level  
Beam Vol tage  = 2 k V ;  Beam C u r r e n t  = 4 . 5  m A ;  Accel Vo l t age  = - 2  
D e f l e c t i o n  
V o l t a g e  
2 6 V ,  v 
Acce l  
Current  
X 2 ,  mA 
0 . 3 3  
0 . 1 6  
0 . 1 7  
0 . 1 8  
0 . 1 8  
0 . 1 5  
0 . 1 2  
0 . 1 8  
0 . 1 7  
0 . 1 8  
0 . 1 4  
S t r i p  1 
A c c e l  
Current 
x1 
0 . 0 5  
0 . 0 4  
0 . 0 3  
0 . 0 2  
0 . 0 2  
0 . 0 5  
0 . 0 8  
0 . 1 2  
0 . 1 8  
0 . 2 2  
0 . 0 6  
I Beam 
Toward 
E l e c t r o d e  
Acce l  
C u r r e n t  
y 2  
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
S t r i p  2 
Acce l  
Current 
Y 1 ,  mA 
0 . 0 2  
0 . 0 2  
0 . 0 1 5  
0 . 0 1 5  
0 . 0 1  
0 . 0 2  
0 . 0 3  
0 . i l 3  
0 . 0 4  
0 . 0 5  
0 . a 2  
Be am 
Toward 
E l e c t r o d e  
y 2  
y 2  
y 2  
y1  
y 1  
y 1  
y 1  
T2 1 
1 2 9  
The deflection experiment was repeated on the 18 mA 
beam during the last hour of testing. All four neutral- 
izers were used with a -120 V bias. 
than with only two neutralizers. 
was complete (i.e., current-to-ground = 0), for the slightest 
deflection. This was anticipated because the ion beam was 
moved closer to the beam. 
The coupling was better 
The neutralization also 
1 3 0  
S E C T I O N  V I 1  
CONCLUSIONS A N D  R E C O M M E N D A T I O N S  
Based on t h e  r e s u l t s  of  t h e  tes ts  performed under 
t h i s  c o n t r a c t ,  t h e r e  are  several changes which could i m -  
prove t h e  t h r u s t e r  o p e r a t i o n .  These are (1) shaping t n e  
back s i d e  o f  t h e  i o n i z e r ,  ( 2 )  l o c a t i o n  of i n s u l a t o r s  which 
suppor t  t h e  accel e l e c t r o d e s ,  ( 3 )  l o c a t i o n  of  n e u t r a l i z e r s ,  
and ( 4 )  e lec t r ica l  t e r m i n a l s .  
T h e  e l e c t r o d e  system used i n  t h i s  t h r u s t e r  i s  t h e  
Model 70  o p t i c s .  There have been some changes i n  t h e  accel 
e l e c t r o d e s  t o  improve t h e  beam d e f l e c t i o n ,  b u t  these nave 
n o t  a f f e c t e d  t h e  perveance. During t h e  t e s t i n g ,  it w a s  
found t h a t  t h e  t r a n s i t i o n  from a flow l i m i t e d  c o n d i t i o n  
t o  t h e  space  charge l i m i t e d  c o n d i t i o n  i s  n o t  sharp ;  there 
i s  a rounding e f f e c t .  The probable  cause f o r  t h i s ,  i s  t n a t  
t h e  cesium flow through t h e  i o n i z e r  i s  n o t  matched t o  t h e  
i o n s  r e q u i r e d  a t  t h a t  sukface  of t h e ’ i o n i z e r .  More i o n s  
a r e  needed a long  t h e  edge of t h e  i o n i z e r  t han  a t  the c e n t e r .  
F igure  6 3 ( a )  shows t h e  c r o s s  s e c t i o n  of t h e  i o n i z e r  used 
i n  t h i s  program. I t  f a v o r s  more flow a t  t h e  c e n t e r  rather 
than  t h e  edge. F igu res  63(b)  and (c) show two p o s s i b l e  
c o n f i g u r a t i o n s  which would provide  a b e t t e r  match of f l o w  
t o  t h e  i o n s  r e q u i r e d .  This  change should f l a t t e n  t h e  flow 
l i m i t e d  p o r t i o n  of  t h e  curve  and permi t  lower accel v o l t a g e s  
t o  b e  used; consequent ly ,  l a r g e r  beam d e f l e c t i o n s  could 
be ob ta ined  w i t h  t h e  same 2 6 V  v o l t a g e s  now used. 
I n  t h e  f i r s t  t es t s  made on t h e  t h r u s t e r  system, it 
became appa ren t  t h a t  t h e  t h r u s t e r  o p e r a t i o n  w a s  very  s e n s i -  
t i v e  t o  n e u t r a l  f l u x .  The .accel c u r r e n t s  were p a r t i c u l a r l y  
a f f e c t e d  when c r i t i c a l  tempera ture  o r  perveance data  w e r e  
t aken .  The f i r s t  i n s u l a t o r s  which w e r e  c y l i n d r i c a l , ,  
131 
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s h i e l d e d ,  and supported t h e  accel from t h e  d e c e l .  A second 
set  w a s  designed and b u i l t .  These w e r e  l o c a t e d  i n  t h e  s a m e  
p l a c e ,  b u t  w e r e  mushroom shaped t o  provide a longer  s u r f a c e  
p a t h  t o  minimize s u r f a c e  leakage .  Although t h i s  w a s  an  
improvement, because t h e  i n s u l a t o r s  are  s t i l l  near  t h e  i o n i z e r ,  
and s u b j e c t  t o  h igh  temperature  and cesium f l u x ,  t h e r e  i s  
a b e t t e r  s o l u t i o n  t o  t h e  problem. I n  some ways t h e  problem 
i s  s i m i l a r  t o  t h o s e  experienced wi th  a cesium p - th rus t e r  
which w a s  b u i l t  a t  HRL and d e l i v e r e d  t o  NASA Goddard Space 
F l i g h t  Center .  I n  t h a t  program, d r a i n  c u r r e n t s  and leakage  
c u r r e n t s  w e r e  a c o n s t a n t  source  of  problems. The problem 
disappeared  on ly  when t h e  i n s u l a t o r s  f o r  t h e  accel e l e c t r o d e  
were moved toward t h e  rear of t h e  t h r u s t e r .  By moving the 
i n s u l a t o r s  away from t h e  i o n i z e r ,  lower temperatures  and 
cesium f l u x  minimized t h e  accel d r a i n  problems. This w a s  
accomplished by mounting t h e  accels o f f  a ground s t r u c t u r e  
loca t ed  i n  t h e  v i c i n i t y  of t h e  feed system. F igure  6 4  i l l u s -  
t ra tes  t h e  p o s s i b i l i t y  of t h e  s a m e  t r ea tmen t  f o r  t h e  d u a l  
beam t h r u s t e r .  The ground s t r u c t u r e  can be seen h o r i z o n t a l l y  
i n  t h e  f i g u r e  near  t h e  f l anges  which j o i n  t h e  i o n i z e r  and 
feed system. The accel e l e c t r o d e s  a r e  supported by long  
f l u t e d  i n s u l a t o r s  away from t h e  i o n i z e r .  The focus  e l e c t r o d e  
and feed system are supported by s h o r t e r  i n s u l a t o r s  s i n c e  
they  s t a n d  o f f  a lower v o l t a g e .  T h i s  change would s u b s t a n t i a l -  
l y  improve t h e  t h r u s t e r  performance and lower accel c u r r e n t s .  
The n e u t r a l i z e r s  have been shown t o  n e u t r a l i z e  b e a m  
wi th  a nega t ive  b i a s  on t h e  n e u t r a l i z e r .  T h i s  b i a s  i s  the  
o rde r  o f  -70 t o  -150 V f o r  t h e  p r e s e n t  l o c a t i o n  of t h e  n e u t r a l -  
i z e r s .  Fu r the r  s t u d i e s  concerning t h e  l o c a t i o n  of t h e  n e u t r a l -  
i z e r s  should permi t  t h e  lowering of t h e  b i a s  v o l t a g e  and 
dec rease  e l e c t r o n  f low t o  t h e  d e c e l  e l e c t r o d e .  Narrowing 
t h e  gap on t h e  e x i t  e l e c t r o d e  would a lso improve beam 
n e u t r a l i z a t i o n .  
1 3 3  
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The electr ical  te rmina ls  w e r e  added a f t e r  t h e  o r i g i n a l  
design w a s  presented f o r  review. As a r e s u l t ,  they w e r e  
loca ted  a t  var ious  p o i n t s  on t h e  ground s t r u c t u r e  wherever 
space permit ted.  A more o r d e r l y  terminal  s t r i p  should 
be placed on t h e  t h r u s t e r .  When breakdown problems were 
discovered on t h e  acce l  e l e c t r o d e  te rmina ls ,  t h e s e  te rmina ls  
w e r e  increased i n  s i z e  and moved. These te rmina ls  a l s o  w i l l  
have t o  be loca ted  on t h e  te rmina l  s t r i p .  Breakdown exper i -  
ence should be considered s e r i o u s l y .  
It i s  clear t h a t  t h e  t h r u s t e r  system would use less than  
200 W when t h e  i o n i z e r  su r face  becomes c lean .  The d e f l e c t a b l e  
beam concept has  been shown t o  b e  f e a s i b l e  f o r  d e f l e c t i o n  
angles  of + 2 0 °  and could be used for s t a t i o n  keeping. 
These changes would improve t h e  t h r u s t e r  performance. 
1 3 5  
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